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FOR THE 
RADIO ENGINEERING TRADE GROUP (FITTERS) 


FOREWORD 


1. These Notes are issued to assist airmen — 


and apprentices under training as Fitters in 


the Radio Engineering Trade Group. Fitters 


in this trade group “require a thorough 
knowledge of the electrical and radio prin- 
ciples, and the elementary mathematics, 
appropriate to the theory of the specified 
equipment” (see A.P. 3282A, Vol. 2). It 
is with the intention of helping to attain this 
standard that these Notes are written. 
They are not intended to form a complete 
text-book, but are to be used as required in 
conjunction with lessons and demonstrations 
given at the radio schools. They may also 
be used to assist airmen on continuation 
training at other R.A.F. stations. 


2. The Notes, which are based on the 
syllabuses of training for aircraft apprentices, 
are sub-divided as follows:— 


Part 1A: Electrical and Radio 
Fundamentals. 


This deals with the principles of elec- 
tricity, electronics and radio at a level 
suitable for the upper technician ranks 
and for technician apprentices. 
Because of its bulk Part 1A has been 

- split into three separate books: Book 1 
covers basic electricity; Book 2, basic 
electronics; and Book 3, basic radio. 

Part 1B: Basic Electricity and Radio. 
This deals with the principles of elec- 
tricity, electronics and radio at a level 
suitable for the lower technician ranks 
and for craft apprentices. 


Part 2: Communications. 


This deals with the applications of the 
principles covered in Parts 1A and 1B to 
communication systems and is intended 
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to be used as required by all fitters in 
the Radio Engineering Trade Group. 


Part 3: Radar. 


‘This deals with the applications of the 
principles covered in Parts 1A and 1B 
to radar and is intended to be used as 
required by all fitters in the Radio 
Engineering Trade: Group. 


3. In general, fitters employed on com- 
munications equipment will be interested 
mainly in Part 1A or 1B and Part 2 of these 
Notes. Similarly, radar fitters will be 
concerned mainly with Part 1A or 1B 
and Part 3. However it is difficult to 
draw a firm dividing line between the 
knowledge required by fitters engaged in 


communications and that required by radar 


fitters. There is considerable overlapping; 
much of what was once regarded as being 
exclusively in the province of the radar 
fitter is now a requirement for the communi- 
cations fitter also, and vice versa. Therefore 
those under training in the radar trades may 
find much that is useful in Part 2, whilst 
those under training in the communications 


_ field may find much of interest in Part 3. 


4. The Notes deal with the basic theory 
and the applied principles of electricity, 
electronics and radio in a general way. 


They do not cover specific details of equip- 


ment in use in the Service. Such details 
are to be found in the official Air Publication 
for the equipment and this should always be 
consulted during the servicing of the equip- 
ment. 


5. No alteration to these Notes may be 


made without the authority of official 
Amendment Lists. 
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LIST OF AIR PUBLICATIONS ASSOCIATED WITH THE TRADE 


Principles and Techniques 


A.P. 1093 R.A.F. Signal Manual, Part 2 (Radio Communication) 

A.P. 1093E _—_Interservices Radar Manual—Radar Techniques 

A.P. 1093F Radar Circuit Principles, with Aerials and Centimetric Techniques 
A.P. 1093G = Radio Circuitry Supplement 

A.P. 1093H Suppressed Aerials 

A.P. 1186V  C.V. Register of Electronic Valves 

A.P. 2521A  V.H.F. Ground Station Aerial Systems 

A.P. 2867 Interservices Standard Graphical Symbols 

A.P. 2867A = Interservice Glossary of Terms used in Telecommunications 

A.P. 2867B = Interservice Glossary of Terms used in Telecommunications (Radar) 
A.P. 2878C H.F. and M.F. Aerials for Ground Stations 

A.P. 2900C Handbook of Electronic Test Methods and Practices 

A.P. 3158C  R.A.F. Technical Services Manual 

A.P. 3214 (Series) The Services Text book of Radio. 


Equipment 


Air Publications applicable to specific radio equipment are listed in:— 


A.P. 2463 Index to Radio Publications 


INSTRUCTIONAL FILMS 


Title Reference 
Current of Electricity 14L/52 
Nuts and Bolts 14L/178 
Micrometer Calipers 14L/273 
Vernier Scale zs 14/413 
Hammers, Chisels, Punches and Drifts .. 14L/1605 
Files and Filing 14L/1606 
Spanners, Screwdrivers and Pliers 14L/1636 
Taps, Dies and Reamers .. 141L/1727 
Hacksaws, Shears and Vice Clamps 14/1728 
Locking Devices 14L/1729 
Measuring and Marking—Precision Instruments 14L/1730 
Transmission Lines—Maintenance of Coaxial Cables. . 14/3280 
Transmission Lines and Waveguides 14L/3288 


Title 
Vacuum Tubes—Electronic Diode 
Cathode Ray Tube 
Electricity and Magnetism. . 
Magnetism 
Electrical Terms 
What is Electricity? 
Electricity and Heat 
Electricity and Movement 
Electrochemistry a 
Putting Free Electrons to Work .. 
A.C. and D.C. 
The Generation of Electricity 
The Transmission of Electricity .. 
Aircraft First Line Servicing 
Audio Oscillator 
Volts—Ohm Meter Operation 
Radio Shop Technician 
First Line Servicing, Fighter Aircraft 
Radio Antennae Fundamentals, Parts 1 and 2 
R.D.F. to Radar 
Waveguides, Parts | to 5.. 
Tuned Circuits wa 
Ground Handling of Aircraft a 
The Doppler Principle in Airborne Navigation Aids 
Centimetric Oscillators, Parts 1 to 3 


Servomechanisms 


Radar Techniques, Part 1—-Waveform Response of C.R. Circuits 


Radar Techniques, Part 2—Multivibrator 

Radar Techniques, Part 3—-Miller Timebase at 
Radar Techniques, Part 4—Pulse Forming by Delay Lines 
Radar Techniques, Part 5—-Flip Flop 

Problems of Radio and Elettronic Fault Finding 


Principles of the Transistor 


Reference 


14/3953 
14/4268 
14L/4708 
14/5557 
14/5607 
14/5609 
14/5610 
14/5611 
14L/5612 
14L/5614 
14L/5615 
14L/5616 
14L/5617 
14/5656 
14/5666 
14/5667 
14/5668 
14L/5768 
14L/5780~1 
14L/5826 


14L,/5958~5962 


14/6037 
14/6338 
14L,/6388 
14/6397 
14/6435 
14/6500 
14/6502 
141,/6504 
14L,/6506 
14L/6508 
14L,/6594 
14L,/6620 


INSTRUCTIONAL FILM STRIPS 


Title 
Primary Cells 
Time Constant a 
Distribution of Electricity .. 
Electricity—its Production .. 
Uses of Electricity 
Radiation 
Thermionic Valve 
Electrical Measuring Instruments .. 
The D.C. Motor 
Basic Radio outeanseuae Parts 1 to 5 
The Internal Combustion Engine 
Elementary Principles of Cathode Ray ésdiloeeagl 
The Cathode Ray Tube 
Magnetism and Electricity . 
Waveguide Theory .. 
Waveguide Theory .. 
Introduction to Control Engineering Theory 
Introduction to Electronics. . 
Electronic Devices—Electron Tubes 
Basic Valve Circuits, Parts 1 to4 .. 
The Meaning of Valve Characteristics 


Telecommunication Principles 


Reference 


143 /154 
143/155 
143/194 
143/195 
143/196 
143/197 
143/198 
143/203 
143/204 


143/239-243 


143/369 
143/370 
143/404 
143/407 


143/495-511 
143/512-517 


143/578 
143/586 
143/587 
14J/588-9 
143/590 
143/606 
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LIST OF SYMBOLS AND ABBREVIATIONS 
TABLE 1 
Greek Letters Used in the Text 


TABLE 2 
Meaning of Symbols Used in the Text 


Meaning 
Ampere, Amplification 


Ww | > 


Bandwidth 


OQ 


Capacitance 


Electric flux density, Distance 


tr 


Electromotive force, Electric field 
strength 


Farad, Factor, Force 
Conductance, Giga—{prefix) 
Magnetic field strength, Henry 


“i Ooty ars 


Electric Current 


(continued overleaf) 


56661—s 


Magnetic flux density, Susceptance, 


Letter 
















Vector operator=~/-1 


Coupling coefficient, Kilo—(prefix), 
constant 





Length 


Modulation factor, Metre, Mass, 
Milli—(prefix) 


Number 

Pico—(prefix) 

Instantaneous charge 

Length (in polar co-ordinates) 
Anode slope resistance 








Second 







Inductance Time, Temperature 


Mutual inductance, Mega—(prefix) 









Velocity 


——te 


Instantaneous potential difference 









Number, Noise factor, Revs. per 
minute 









Distance, Length 
Length 
Angle, Number 
Number, Feedback factor 








Power 









Quantity or charge of electricity, 
Coil amplification factor 
















Resistance 


Magnetic reluctance Propagation constant 





Temperature (Abolute), 
Period, 

Transit Time, 
Transformation ratio 


Small increment, Loss angle 














Base of natural logs = 2-71828 





Efficiency 
Angle 





Potential difference, Voit, Volume 
























Energy or work, Watt 
+ Dielectric constant 








Reactance 
Permittivity of free space 


Wavelength 








Admittance 

Impedance 

Area 

Velocity of light, Cycle 


d Distance 


Permeability, Valve amplification 
factor 


Permeability of free space 


Relative permeability 


e Instantaneous e.m.f., Electron charge Ratio of circumference to diameter 
ag of a circle = 3-14159 
f Frequency 


Specific resistance 


2, Valve conversion conductance 
Angle 








Zin Valve mutual conductance 


1 | Instantaneous current 


(continued overleaf) 


Magnetic flux 





Angular velocity = 2xf 
Ohm 








Specific conductance 


Multiple or sub- 
multiple 


1,000,000,000 =: 10° 


1,000 = 10° 


go heen Sa ee Is. 


1,000 — 10° — 


1,000,000 = 10° 
| 





Unit 
Ampere 
Ampere-hour 
Ampere-turn 
Cycles per second 


Decibel 





Degree 


Electron-volt 


Farad 


TABLE 3 
Prefixes for Multiples and Sub-multiples 


—e we 























Name | Prefix Multiple or sub- Name Prefix 
multiple 
Giga- G i ee less, 10. 
——_|-—17,000,000 ~ io" ~ Micro- H 
Mega- M eee: 
| Kilo- k Lage Micro-micro- pp 
10” or or 
| Milli- | m Pico P 
TABLE 4 
Abbreviations of Units 
Abbreviation Unit Abbreviation 
A Gramme g 
Ah Henry H 
AT Joule J 
c/s Metre m 
db Ohm Q 
: Second S or sec. 
Centigrade = C. 
Fahrenheit = F. Volt V 
eV Watt 
Wb 


F Weber 
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CONTENTS 


Amendment Record Sheet 


Foreword 


List of Air Publications Associated with the Trade 


List of Symbols and Abbreviations 


SECTIONS 


(A detailed contents list is given at the beginning of each Section and Chapter) 


BOOK 1 


BOOK 2 


BOOK 3 


Section 
Section 
Section 
Section 
Section 
Section 
Section 
Index 


Section 8 .. 
Section 9 .. 
Section 10 .. 
Section 11 .. 
Section 12 .. 


Index 


Section 13 .. 
Section “14 .. 
Section 15 .. 
Section 16 .. 
Section 17 .. 
Section 18 .. 
Section 19 .. 
Section 20 .. 


Index 


“IAN Ut fm Whe 


Basic Electricity 

Magnetism and Electromagnetic Induction 
D.C. Motors and Generators 
Electrostatics and Capacitance 

A.C. Theory 

Measuring Instruments 

Transformers 


Fundamental Electronic Devices 
Power Supplies 

Low Frequency Amplifiers 
Radio Frequency Amplifiers 
Valve Oscillators 


Transmitter Principles 

Receiver Principles 

Filters and Transmission Lines 
Aerials 

Propagation 

Radio Measurements 

Control Systems 

Computing Principles and Circuits 


(A.L. 20, Nov. 62) 
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SECTION 8 


FUNDAMENTAL ELECTRONIC DEVICES 


Chapter 1 hg es ve es on ..  Thermionic Emission and the Diode Valv 
Chapter 2 ba a i ee ee .. The Triode Valve 

Chapter 3 ed 3% - i Be ..  Maulti-grid and Multi-unit Valves 
Chapter 4 ire Ks ‘a bg bg ..  Gas-filled Valves 

Chapter 5 ne is 2 re - ..  Cathode-ray Tubes 

Chapter 6 ‘a he an a = ..  Photo-electric Devices 


Chapter 7 av es oe s ..  Semi-conductor Devices 


SECTION 8 
CHAPTER 1 
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THERMIONIC EMISSION AND THE DIODE VALVE 


THERMIONIC EMISSION 
Introduction 

Electron Emission 

Thermionic Emission 

Emission Current 

Practical Thermionic Emitters 
Cathode Construction 

DIODE VALVE 

General Construction of Diode Valve 
Current in a Diode 

Anode Characteristic of Diode 
Valve Resistance 

Anode Dissipation .. 
Applications of Diode 


Paragraph 


18 


=8yr 


33 


PART 1A,SECTION 8, CHAPTER 1 


THERMIONIC EMISSION AND THE DIODE VALVE 


THERMIONIC EMISSION 
Introduction 


1. An electronic device is defined as ‘“‘a 
device which makes use of electrons free in 
vacuous Or gaseous space, or in boundary 
layers between dissimilar conductors or 
semi-conductors”. This definition includes 
valves, cathode-ray tubes, photocells, crystal 
detectors, metal rectifiers and transistors, all 
of which are dealt with in this Section. The 
definition excludes electrical devices depen- 
dent solely on ordinary metallic conduction 
such as meters, transformers, relays, etc., and 
all devices dependent on electrochemistry. 


2. In this Chapter the principles of ther- 
mionic emission and the operation of the 
diode valve are considered. The diode is an 
electronic device which consists of an 
envelope, containing gas at a low (possibly 
negligible) pressure, provided with two 
electrodes between which conduction of 
electricity through the vacuum or the con- 
tained gas may take place as a result of 
thermionic emission from one of the elec- 
trodes (the cathode). The question of how 
thermionic emission occurs must first be 
considered. 


Electron Emission 


3 In Bk.1.Sect.1,Chap 1,it was stated that a 
conductor is a material in which a continual 
random movement of free electrons from 
atom to atom within the material is taking 
place. An electrostatic field super-imposed 
on the conductor by means of a potential 
difference between its ends causes the free 
electrons to ‘drift’ from the low potential to 
oa high potential part of the electrostatic 
field. 


4. The kinetic energy acquired by an 
electron in its passage through a conductor 
is usually expressed in electron-volts. One 
electron-volt is the energy acquired by an 
electron in falling through a potential 
difference of one volt. 


5. Electrons cannot easily leave a conductor 
at normal room temperatures since their 
energy is usually insufficient to allow them to 
do so, and additional energy must be given 
to the electrons to enable them to overcome 


the forces acting at the surface of the con- 
ductor. The quantity of work which must be 
done to free an electron from a metal in 
order to produce electron emission, is usually 
given in electron-volts and is called the work 
function of the metal. The lower is the work 
function, the less the amount of additional 
energy which must be given to the electrons 
to cause electron emission. The work 
functions of some of the more common 
materials used in cathode construction are 
listed in Table 1. 


Work Function 
(electron-volts) 


Barium oxide 
Caesium .. 
Potassium 
Lithium 
Thorium .. 
Copper... 
Molybdenum 
Tungsten .. 
Silver 


2 
5 
5 


7) 


1-1 
1-7 
1°8 
222 
3°4 
4-2 
4-2 
4-5 
4-6 


Fi) 





Table 1. WORK FUNCTIONS 


6. Before an electron can leave the surface 
of a metal it must possess energy in excess of 
the work function of the metal. There are 
four principal ways in which the normal 
electron energy may be increased in order to 
produce electron emission:— 

(a) Thermionic emission. By raising the 

temperature of the metal as in valves and 

cathode-ray tubes. 


(5) Secondary emission. By bombarding 
the surface of the metal with electrons from 
another source; some of the energy of the 
bombarding electrons is transferred on 
collision to the electrons in the metal. This 
is utilized in certain specialised valves. 


(c) Photo-electric emission. By the inci- 
dence of light on the surface of the material. 
This type of emission is used for photocells. 


(2) Field emission. By the action of an 
external electric field in overcoming the 
surface barrier. Field emission has few 
deliberate applications although it does 
occur in some electronic devices. 
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6. Before an electron can leave the surface 
of a metal it must possess energy in excess of 
the work function of the metal. There are 
four principal ways in which the normal 
electron energy may be increased in order to 
produce electron emission :-— 

(a) Thermionic emission. By raising the 

temperature of the metal as in valves and 

cathode-ray tubes. 


(b) Secondary emission. By bombarding 
the surface of the metal with electrons from 
another source; some of the energy of the 
bombarding electrons is transferred on 
collision to the electrons in the metal. This 
is utilized in certain specialised valves. 

(c) Photo-electric emission. By the inci- 
dence of light on the surface of the material. 
This type of emission is used for photocells. 


(2d) Field emission. By the action of an 
external electric field in overcoming the 
surface barrier. Field emission has few 
deliberate applications although it does 
occur in some electronic devices. 
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Thermionic Emission 

7. Raising the temperature of a metal causes 
an increase in the movement of the atoms in 
the metal, and since the vibrating atoms are 
continually in collision with the free electrons, 
energy is transferred from the atoms to the 
electrons. If the metal is heated to a suffi- 
ciently high temperature the electrons may 
acquire sufficient additional energy to enable 
them to break through the surface barrier 
and escape from the metal, producing 
thermionic emission. 

8. A metal with a low work function will 
release electrons at comparatively low tem- 
peratures and, if it also has a high melting 
point it will generally be suitable for use as 
a thermionic emitter. The two desirable 
properties of low work function and high 
melting point must both be taken into account. 
Thus tungsten, for which the work function 
is 4-5 and which has a melting point of 
3,380°C, has a melting point emission of 
450 A /sq. cm. Thorium, with a more 
desirable work function of 3-4, has a melting 
point of 1,830°C and an emission at that 
temperature of 2:9 A /sq.cm. So the lower 
work function, cf thorium is more than 
off-set by its lower melting point. 


Emission Current 


9. If a length of wire is heated in a vacuum 
to a temperature sufficient to cause thermionic 
emission, and if a positively-charged plate is 
situated near the wire, the emitted electrons 


EMISSION 
A/Sa.C™ 





500 O00 600 2000 2500 
TEMPERATURE °C. 


Fig. !.——VARIATION OF EMISSION CURRENT 
WITH TEMPERATURE. 


are attracted to the plate, giving rise to a 
thermionic current. This current increases 
very rapidly with the temperature of the wire 
as shown in Fig. 1 for three different types of 
emitter. The wire which is heated to produce 
thermionic emission is termed the cathode, 
and the positively-charged plate which collects 
the emitted electrons is called the anode. 


Practical Thermionic Emitters 
10. The number of substances available for 
use as practical thermionic emitters is very 
few, because of the dual requirements of low 
work function and high melting point. At 
present, the only ones used commercially 
are :— 

(a) Tungsten emitters. 

(b) Thoriated-tungsten emitters. 

(c) Oxide-coated emitters. 


11. Tungsten emitters. Tungsten is superior 
to other emitters in its ability to operate under 
adverse conditions, particularly conditions 
associated with very high voltages on the 
anode. The emitter does not easily deteri- 
orate even when supplying a large emission 
current for a long period of time. However, 
the operating temperature of a pure tungsten 
emitter is high (of the order of 2,500°C) and, 
since emitters are normally heated by passing 
a current through them the power required 
2 raise the emitter to that temperature is 
arge. 


12. Thoriated-tungsten emitters. A filament 
of tungsten which has been impregnated with 
a small quantity of thorium oxide, is called a 
thoriated-tungsten emitter. Such emitters 
when properly activated, give thermionic 
emission at temperatures of the order of 
1,500°C. Thus, the heating power necessary 
to produce emission in this type of emitter 
is less than that for a pure tungsten emitter. 
However, the thorium layer tends to be 
‘stripped off? under certain conditions when 
the valve is in operation, and for this reason 
the thoriated-tungsten emitter is restricted to 
medium-power transmitting valves. 


13. Oxide-coated emitters. The oxide- 
coated emitter consists of a mixture of barium 
and strontium oxides coated on the surface 
of a suitable metal, commonly nickel. When 
properly prepared and activated, such a 
surface will emit electrons at temperatures of 
the order of 750°C. Thus, the heating power 
necessary to produce emission is low. Oxide- 


coated emitters have the property of being 
able to give very high instantaneous electron 
emission for brief periods. This effect is 
utilized to advantage in valves designed to 
generate short pulses of high power, such as 
radar transmitting valves. The period of 
excessive emission cannot be prolonged 
without the danger of stripping the emitter. 
The oxide-coated emitter is employed in 
almost all small valves, and it is also replacing 
or obegeadiaas aaa in many of the larger 
valves. 


14. Emitter efficiency. The efficiency of an 
emitter (or cathode) is generally specified in 
terms of its emission per unit area for a given 
heating power input. Typical figures are:— 
(a) Pure tungsten wire SmA/sq. cm./watt 
(b) Thoriated-tungsten 
wire 50mA/sq. cm./watt 
(c) Oxide-coated wire 500mA/sq. cm./watt 


Cathode Construction 


15. The construction of practical cathodes 
used to produce thermionic emission in valves 
may take either of two forms:— 


(a) Directly-heated cathodes. 
(b) Indirectly-heated cathodes. 


16. Directly-heated cathode. This consists 
of a filament of wire which is heated to the 
desired operating temperature by a current 
passing through the filament itself. The 
material of the filament can be pure tungsten, 
thoriated-tungsten, or oxide-coated nickel 
depending on the requirement. Typical 
directly-heated cathode structures are shown 
in Fig. 2. Directly-heated cathodes are the 
most economical form so far as concerns the 
power necessary to heat the cathode. They 
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Fig. 2.—DIRECTLY-HEATED CATHODES. 
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are, therefore, used in most applications for 
operation from batteries, and for special 
applications in which very quick heating 
is required. Directly-heated cathodes of 
tungsten or thoriated-tungsten are also used 
in preference to indirectly-heated cathodes 
where high powers are involved. 


17. Indirectly-heated cathode. This consists 
of an oxide-coated nickel tube surrounding a 
heater wire. The oxide-coated surface is 
heated to the desired operating temperature 
indirectly, by a current passing through the 
heater. The heater wire fits into the hollow 
cathode and is insulated from it by a coating 


HEATER 





OX! DE- COATED 
TUBE 


HEATER 


Fig. 3—1INDIRECTLY-HEATED CATHODE. 


of alumina, as shown in Fig. 3. Although 
this form of cathode may take up to a minute 
to reach its final working temperature it also 
has certain advantages over the directly- 
heated cathode:— 


(a) The cathode can be given the best shape 
for its purpose. 


(b) The thermal reservoir effect between 
heater and cathode ensures that the cathode 
remains at a constant temperature even 
when a.c. is used for the heater. 


(c) Since no heating current is passed 
through the cathode itself, the whole of the 
latter is at the same potential. With 
directly-heated cathodes a p.d. is developed 
across the filament, and if a.c. is used as 
the heater current, the variations in p.d. 
produce fluctuations in the current through 
the valve. 
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DIODE VALVE 
General Construction of Diode Valve 


18. The motion of the free electrons that 
surround the cathode as the result of thermi- 
onic emission may be influenced by 
electrostatic fields applied by means of 
further electrodes. Valves are classificd 
according to the number of electrodes they 





possess. A diode is therefore, a valve with 
MICA 8RIDCE SPRING 
SUPPORTS 
ANODE CATHODE 
SUPPORT 
MICA BRIDGE RODS 
H ELECTRODE 
en Were CONNECTIONS 


EVAC ATION TUBE 


(GC) oinectty HEATED DIODE 


two electrodes—a cathode and an anode. 
The conventional symbol for a diode valve 
is shown in Fig. 4, the directly-heated diode 
being given in (a), and the indirectly-heated 
diode in (b). It should be noted that in an 
indirectly-heated valve the heater is not 
regarded as one of the ‘active’ electrodes. 


19. Fig. 5(a) shows the construction of a 
directly-heated diode, and Fig. 5(b) that of 
an indirectly-heated diode. In both instances 
the anode completely surrounds the cathode 
so that all electronic action is confined to the 
space between the electrodes. The cathode 
material will depend on the requirement, and 
the anode is made from nickel or 
molybdenum, metals which are easily worked 
and which have high melting points; they 
also dissipate heat readily. 


20. During assembly, the support rods are 
sealed into a glass “‘pinch’’, and the electrode 
connections are taken through the pinch to 
the valve base, from which connection is 
made to the circuit. When the parts are 
assembled on the pinch, the remainder of the 
envelope is sealed to it. In order to create 
a vacuum inside the valve, connection is made 
from a pumping installation to a small 
evacuation tube in the pinch, and while the 
pumps are still operating to remove all gas 
from the valve:— 


(a) The valve is ‘baked’ in an oven to 
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Fig. 5 CONSTRUCTION OF DIODE VALVES. 


remove any absorbed water-vapour from 
the glass surface. 


(6) The electrodes are heated by induction 
to remove the last traces of gas from the 
surface. 


(c) A small pellet of magnesium (known as 
a ‘getter’) is located inside the valve and 
fired by induction; the magnesium evapor- 
ates and deposits itself as a thin film on 
the wall of the tube, where it combines 
with any residual gas which appears during 
the operation. 


(d) The evacuation tube in the valve pinch 
is sealed off. 
The completed valve is then ready to be 
connected to its valve base and subsequently 
to be tested. 


Current in a Diode 


21. It was shown in Para. 9 that the rate 
of emission of electrons into the free space 
surrounding a cathode depends on the 
temperature of the cathode and its material. 
Thus, for a given cathode material at a given 
temperature, the emission is constant. Con- 
sider a directly-heated diode connected in the 
simple circuit of Fig. 6. A low tension (1.t.) 
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Fig. 6—DIODE BASIC CIRCUIT. 


supply is applied to the cathode and the 
resultant heater current raises the temperature 
of the cathode to the steady operating value, 
so that a constant electron emission occurs. 
A high tension (h.t.) supply is connected to 
apply a p.d. between anode and cathode, the 
anode being positive with respect to the 
cathode. This p.d. can be varied by means 
of a potentiometer, and the resultant ‘anode 
voltage’ is indicated in a voltmeter. Finally, 
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a milliammeter is connected in the anode 
circuit to read the ‘anode current’. 


22. Space charge. If the potentiometer is 
adjusted so that V=O, there is no electric 
force between the anode and the cathode to 
drive the emitted electrons to the anode. 
The velocity of emission of electrons is such 
that a few electrons may arrive at the anode, 
but these are so few that they may be 
neglected at this stage. For practical pur- 
poses then, the reading in the milliammeter 
will be zero, indicating zero anode current. 
The majority of the emitted electrons will 
distribute themselves throughout the space 
between the two electrodes, and a ‘cloud’ of 
negative electricity is formed in the vicinity 
of the cathode. This cloud of electrons is 
termed the space charge, and it tends to 
repel back to the cathode all electrons emitted 
with small energies. For zero anode voltage 
the space charge is constant, although its 
componentelectrons are continually changing. 
The cathode is left slightly positive by the 
emission of electrons so that it tends to 
attract the electrons back again. Thus, 
electrons are continually being emitted by, 
and attracted back towards the cathode and 
an equilibrium is set up which keeps the 
density of the space charge constant. If the 
anode voltage is now made slightly positive, 
some of the electrons in the space charge are 
attracted to the anode and an anode current 
is established, the loss of electrons to the 
anode causing the space charge to become 
less dense. The electron flow is from the 
point of low potential (the cathode) to the 
point of high potential (the anode), thence 
round the external circuit back to the 
cathode. It is more convenient in electronic 
circuits to consider electron flow rather than 
conventional current, which is in the reverse 
direction. 


23. The effect of the space charge can be 
seen by considering the potential gradient 
of the electric field in the space between the 
two electrodes when the anode is positive 
with respect to the cathode (Fig. 7). Because 
of the existence of the space charge, the 
potential in this region will be lower than 
that of both anode and cathode, the cloud 
of electrons forming a ‘virtual cathode’. Only 
electrons with sufficient energy to surmount 
this negative potential barrier will reach the 
anode, and the anode current under such 
conditions is said to be space-charge-limited. 
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Fig. 7—POTENTIAL GRADIENT IN A DIODE, 
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24. Saturation current. As the anode 
potential is increased, electrons are drawn 
from the space charge at an increasing rate 
to give an increase in the anode current. The 
anode current is still space-charge-limited 
and this condition continues until electrons 
are lost by the space charge to the anode at a 
rate faster than the cathode emission can 
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Fig. 8—POTENTIAL GRADIENT IN A 
SATURATED DIODE. 


replace them. As the anode potential is 
increased, a point is eventually reached when 
all the electrons emitted by the cathode are 
carried directly across to the anode, and the 
space charge disappears. The graph of the 
potential gradient inside the diode under 
these conditions is shown in Fig. 8, from 
which it is seen that the negative potential 
barrier has disappeared. 


25. When the anode potential is such that 
all the electrons emitted by the cathode are 
carried directly across to the anode, the anode 
current reaches its maximum value for a 


given cathode temperature. Thereafter it is 
impossible to increase the anode current by 
increasing the anode voltage, since the anode 
is already collecting all the emitted electrons. 
The limiting value of the anode current is 
called the saturation current, and the valve 
in this condition is said to be saturated or 
temperature-limited. Fig. 9 shows a graph 
of anode current (1,) plotted against positive 
values of anode voltage (V,). For values of 
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Fig. 9.—SPACE-CHARGE-LIMITED AND 
TEMPERATURE-LIMITED CONDITIONS. 


V, less than the saturation value V,, the 
current is space-charge-limited. When the 
anode potential is greater than V,, the space 
charge has been dispersed and the anode 
current tends to its saturation value I,. 


26. Fig. 10 shows how the value of the 
saturation current is increased by raising the 
temperature of the cathode (by increasing the 
value of the Lt. supply). The significance 
of the term ‘temperature-limited’ will now 
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Fig. 10.—EFFECT OF INCREASING CATHODE 
TEMPERATURE. 


be seen. The solid curves are plotted for a 
tungsten cathode, although _ thoriated- 
tungsten cathodes would give curves of the 
Same general shape. In _ oxide-coated 
cathodes, saturation takes place much more 
gradually as shown by the dotted curve. 


Anode Characteristic of Diode 


27. Fig. 11 shows how the anode current I, 
varies with changes in the anode voltage 
V,, for negative as well as positive vaiues of 
V,- Such a curve is termed the anode 
characteristic of the diode. The lower part 
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Fig. }| —ANODE CHARACTERISTIC OF A DIODE. 


of the curve of Fig. 11, corresponding to 
space-charge-limitation of the anode current, 
can be represented by a “‘three-halves power 
law’; that is:— 

I=kv,2.. 2. 1. @ 

where k is a constant depending on the 

construction of the valve. — 


28. Two important facts can be stated by 
examining the curve of Fig. 11:— 


(a) A valve is a non-linear device. It does 
not obey Ohm’s law since the current is 
not directly proportional to the voltage 
(see equation (1)). 

(6) A valve is a uni-directional device. 
Electrons can pass only from the cathode 
to the anode, and that only when the 
anode is positive with respect to the 
cathode. It is this property of the diode 
that suggested the name ‘valve’. 


Vaive Resistance 


29. D.C. Resistance. This is the ratio of 
the steady voltage across the diode to the 
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resultant steady current which is established 
in it. It is obviously not a constant since 
the valve does not obey Ohm’s law. 


30. A.C. Resistance. Of more importance 
than the d.c. resistance of a diode is the 
anode a.c. resistance or slope resistance (r,). 
The slope resistance ‘is defined as:— 


fe 7 (ohms) . 


where 8 is used to mean “‘a small change” 
in the quantity to which it is attached. 


Example. Fig. 11 shows that by increasing 
the anode voltage from 60V to 100V 
(i.e. a change of 40V) the anode current 
increases from 5mA to 11mA (Le.:a change 
of 6mA). Hence:— 


40V 
fa = 6mA 
.. tT, = 6°66 kQ. 


This figure is true only if taken over the 
‘straight’ part of the characteristic, but 
since in most modern valves the anode 
characteristic is almost a straight line over 
a large part of its useful range, it is per- 
missible to assume that r, is a constant 
over this range. 


Anode Dissipation 
31. When a valve is passing current, power 
is dissipated in the form of heat by the anode 
as result of bombardment by electrons from 
the cathode. The power so developed may 
be large. Each valve is given a rated anode 
dissipation by the manufacturer, and if the 
average values of anode current and anode 
voltage are such that their product exceeds 
this limit, damage to the valve may result. 
The construction of the valve depends on 
the power that the anode is called upon to 
dissipate :— 
(a) Low powers. When the heat produced 
at the anode does not exceed 100 watts, it 
is possible to dissipate it inside the valve 
envelope by radiation from the anode to 
the tube walls. 


(b) Medium powers. When the power to 
be dissipated at the anode is of the order 
of 100 to 750 watts, the valve is constructed 
in such a way that the anode extends 
outside the valve envelope and is fitted 
with cooling fins. The anode is then 
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cooled by normal air circulation or by 
air blast from a ‘blower’ motor. 


(c) High powers. For powers in excess of 
750 watts, the anode again constitutes part 
of the valve envelope and is fitted with a 
jacket through which distilled water is 
pumped to give the necessary cooling. 


32. In order to show the safe margin for 
operation of a valve it is often convenient 
to super-impose the rated dissipation curve 





Fig. 12—ANODE DISSIPATION CURVE. 


for the valve on its anode characteristic. 
For example, the dissipation curve for a 
valve which has a rated anode dissipation of 
10 watts, ts shown in Fig. 12. Operation of 
the valve must be confined to the area under- 
neath this curve if damage to the valve is to 
be avoided. 
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Fig. 13.—SIMPLE DIODE RECTIFIER CIRCUIT. 


Applications of Diode 


33. All the uses to which a diode valve may 
be put can be explained in terms of the 
non-linear and uni-directional properties of 
the valve. The uni-directional properties 
may be shown by considering Fig. 13. An 
alternating voltage is applied between the 
anode and the heated cathode of the diode 
valve in series with a load resistor R. Anode 
current is established only when the anode 
is positive with respect to the cathode. Thus, 
current flows during one half-cycle of an 
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Fig. 14.—OPERATION OF DIODE RECTIFIER. 


a.c. cycle as shown by the graph of Fig. 14. 
The voltage developed across the load 
resistor R by this pulsating current is, there- 
fore, a uni-directional voltage. Hence, the 
diode valve has been used as a ‘rectifier’ to 
convert an a.c. input to a d.c. output. This, 
and other applications of the diode valve, 
will be considered in detail in later Sections. 
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PART 1A SECTION 8, CHAPTER 2 
THE TRIODE VALVE 


Introduction 


1. The triode valve contains three electrodes. 
As in the diode there is an electron emitter, 
the cathode, and a collector electrode, the 
anode. In addition, between these two 
electrodes there is a wire mesh or grid which 
controls the flow of electrons from the 
cathode to the anode. The triode is shown 
diagrammatically in Fig. 1. The intro- 
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Fig. |1—SYMBOLS FOR TRIODE VALVES. 


duction of the third electrode, generally 
referred to as the control grid, transforms the 
diode into a device which can control power 
over a wide range of frequencies. 


General Construction of Triode 


2. The construction of a typical indirectly- 
heated triode is illustrated in Fig. 2. The 
general construction is the same as that for 
the diode considered in Chap. 1. The 
materials used for the cathode and the 
anode, and the method of assembly are also 
sumilar. The grid, in the form of an open 
mesh of molybdenum wire, is interposed 
between the anode and the cathode as shown 
in Fig. 2. 


Effect of Grid 


3. The number of electrons that reach the 
anode in a triode valve under space-charge- 
limited conditions is determined mainly by 
the electrostatic field in the cathode-grid 
space and this is determined by the potential 
of the grid relative to the cathode. Assuming 
that the anode potential has a steady positive 
value and the grid potential is variable, the 
following conditions apply :— 
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Fig. 2.—CONSTRUCTION OF A TYPICAL TRIODE. 


(a) When the potential on the grid is 
sufficiently negative with respect to the 
cathode the electrostatic field is such that 
the emitted electrons are repelled back 
to the cathode and the anode current is 
said to be ‘cut off’. 

(b) By progressively reducing the negative 
potential on the grid a point is reached 
where the anode current ‘cuts on’, the 
electrostatic field being such that a few 
of the emitted electrons are attracted to 
the anode. Further reduction in the 
negative value of grid potential causes an 
increase in the number of electrons 
reaching the anode. 


(c) When the potential on the grid is 
positive with respect to the cathode, 
electrons are attracted to the grid as well 
as to the anode. Thus, as well as an 
increase in anode current I, being produced 
by a positive potential on the grid, a grid 
current I, is established. This latter 
current is generally small. The total valve 
current, known as the space current I, 
is given by:— 


L=I,+ I, se se (i) 


Current in a Triode 


4. Consider a triode valve connected in the 
simple circuit of Fig. 3. A Lt. supply is 
applied to the heater to give a constant 
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Fig. 3—SIMPLE TRIODE CIRCUIT. 


electron emission from the cathode. A h.t. 
supply is applied to the anode via a potentio- 
meter by means of which the anode voltage 
V, can be varied between zero and -:- V volts. 
A grid bias (g.b.) supply is connected to 
the grid via a potentiometer. This supply is 
centre-tapped to the cathode so that the 
grid voltage V, may be made positive or 
negative with respect to the cathode. Finally, 
a milliammeter is connected in the anode 
circuit to read the anode current I,. 


5. Insuch a circuit there are three variables, 
assuming constant electron emission, V,. V, 
and J,. The circuit may be used to show 
how I, varies with changes in V, for several 
fixed values of V,. Fig. 4 shows a typical 
example of such curves plotted from the 
readings given in Table 1. 


Je ons [42] 0 [+2 [-4|-6|-8 1 
Ta (mA) Si 6°5 

(V. = 100V) 

I, (mA) .-1 15 7 | 3-5 

(V, = 140V) 

Ia (mA) ee 20 1:5 

(V, = 180V) 


Table 1. READINGS FOR FIG. 4. 












6. Inspection of Fig. 4 will show that:— 


(a) The anode potential V, influences the 
current through the valve. 
(6) The grid potential V, influences the 
current to a greater extent. This is 
because the grid is much closer to the 
cathode than is the anode. 


I, (mA) 
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Fig. 4.—TYPICAL la—Vg CURVES FOR A 
SMALL TRIODE. 


(c) Current can flow through the valve 
when the grid is negative. 


(d) To every anode potential there corres- 
ponds a grid potential for which the 
current is just cut off. This value of grid 
potential gives the ‘cut-off-bias’ in the 
valve and determines the ‘grid base’ of 
the valve as shown in Fig. 4. 


7. In the diode valve the relation between 
the anode current and the anode voltage is 
of the form:— 


I, = kV,’ 
The current in a triode is given by a similar 
relationship :— 


Vv, 2 
h=k(W,+-*) .. @ 


where k is a constant determined by the 
dimensions of the valve, and yu is a constant 
known as the amplification factor of the 
valve (see Para. 14). 


This expression assumes that the grid is 
negative, so that the grid current is zero, and 
the total number of electrons drawn from the 
cathode (the space current) reaches the 
anode. 


Triode Characteristic Curves 


8. The characteristics of triode valves are 
commonly expressed by families of curves, 
plotted by using a circuit similar to that of 
Fig. 3. They show the relationship between: 


(a) I, and V,, with constant values of V,. 
Such curves are termed mutual character- 
istics. 


(6) I, and V,, with constant values of V,. 

Such curves are termed anode character- 

istics. 
9. Mutual characteristics. These are the 
curves shown in Fig. 4. They have not been 
plotted for sufficiently high values of anode 
current and anode voltage to show the 
effect of saturation. From equation (2), the 
anode current is zero when:— 


V 
(V,+-*)=0 
‘ V 
i.e., when V, = — a .. (3) 
This gives the value of the cut-off bias or 
the grid base of a triode for a given value 
of V,. 
10. Anode characteristics. In the circuit of 


Fig. 3 if V, is set to a given value and V, 
increased from zero, I, increases. By noting 
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the values for V, and I,, an I, — V, curve 
can be plotted. If this is repeated for other 
fixed values of V, a family of anode character- 
istic curves is obtained, as shown in Fig. 5. 


Valve Constants 
11. The behaviour of a triode valve in the 
vicinity of a particular ‘operating point’ can 
be expressed in terms of three constants: — 
(a) Slope resistance, r,. 
(6) Mutual conductance, g,,. 
(c) Amplification factor, p. 
Note. These factors are constant only if 
taken over the ‘straight’ part of the 
characteristics. 


THE TRIODE VALVE 


12. Slope resistance. This constant has 
already been defined for a diode valve. For 
a triode, the slope resistance r, is defined 
as the ratio of the change 8V, in the anode 
voltage to the resulting change 41, in the 
anode current, V, remaining constant. Thus: 
dV 
r, = i, (V, constant) .. (4) 

The slope resistance is expressed in ohms 
and it is equa! to the reciprocal of the slope 
of the anode characteristics for the valve. 


13. Mutual conductance. This is the ratio 
of the change in anode current 31, to the 
change in grid voltage 8V, producing it, 
the anode voltage V, being kept constant. 
Thus :— 

él, 


Bm = xy (Va constant) .. (5) 


Mutual conductance is expressed either in 
micromhos, or more commonly in milliamps 
per volt, and it is equal to the s/ope of the 
mutual characteristic for the valve. 


14. Amplification factor, The amplification 
factor yz, already noted in equation (2), is 
a measure of the relative effectiveness of the 
grid and anode voltages in controlling the 
anode current. It is defined in terms of the 
voltage changes 8V, and 8V, that cause 
identical changes of anode current. Thus, 
if $V, changes I, to some new value and 8V, 
returns I, to its original value :— 


. ®Vs 
jt =m BV. (I, constant) .. (6) 


A value of 20 for » indicates that the grid 
is 20 times more effective than the anode 
in controlling’ the anode current, and this 
is due to the closer proximity of the grid 
to the cathode. 


15. Relation between r,, g,, and p. The 
three valve constants are not independent, 
but as may be seen from equations (4), (5) 
and (6) they are connected by the relation:— 


e= %& X By . (7 
+ 4 { 

sv, _ 3V. , al, 

8V, + ‘NV, 
Derivation of Valve Constants from 
Characteristics 


16. The valve constants p, g,, and r, may 
be derived under given operating conditions 


A.P. 3302, Part 1A SECT. 8, CHaPp. 2 

from a study of either a set of mutual 
characteristics or a set of anode character- 
istics for the valve. 


17. Fig. 6 shows a family of mutual 
characteristic curves for a low-impedance 
triode. Suppose the rere conditions, 
are given as V, = 100V, V, = —5V. From 
the curve corresponding to Vv, = 100V, 
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Fig. 6.—DERIVATION OF CONSTANTS FROM 
MUTUAL CHARACTERISTICS. 





= —5V gives I, = 5 mA (point P). 
Keeping V, constant at 100V (ic. remaining 
on the same curve) a change of 2V in grid 
potential to V, = —3V, gives an increase 
in I, to 8 mA (point Q). Thus, from the 
definition for g,,:— 

_ 3mA 
Bm "2V 
.g, = 1-5 mA/V. 
Going back to the initial operating point P, 
and keeping V, constant at —5V, a change 
in V, means leaving the curve for Vv, = 100V. 
Considering the curve corresponding to 
V, = 120V, the anode current for V, = 120V 
and V, = "—5V is 9 mA (point R). Thus, 
an increase of 20V in V, gives an increase of 
4mA a I,, provided Vv; is kept constant 
at — 
Thus, from the definition for r, :— 





20V 
". = 4mA 
r, = 5,000 Q. 
Finally, since » = g, X If, :— 
p= > x 5,000 


18. Fig. 7 shows a family of anode character- 
istic curves for the same valve as that 
considered in Para. 17. Suppose the 
operating point is given as V, = —5V, 
V, = 100V when I, = 5 mA’ (point S). 
Keeping V, constant at —5V (i.e. remaining 
on the same curve) an increase in V, from 
100V to 120V gives an increase in I, from 
5 mA to 9 mA (point T). Thus from the 
definition for r, .:— 

20V 

~ 4mA 
= 5,000 a. 
Going back to the initial operating point S, 
and keeping V, constant at 100V, an increase 
in V, from —5V to —3V gives an increase 
in I, ‘from 5 mA to 8 mA (point U). Thus, 
from the one for g,,:— 


I, 


Ba = 3y 
.g, = 1:5 mA/V. 
Finally, since p = g,, X Tf, i— 
1-5 
pe ="T 000 * 5,000 
i 123. 
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Fig. 7—DERIVATION OF CONSTANTS FROM 
ANODE CHARACTERISTICS. 


19. The example given in the preceding 
paras. emphasises that the mutual character- 
istics and the anode characteristics for a 
valve are merely two different ways of 
imparting the same information. One or 
other of these sets of characteristics (some- 
times both) is given in valve data sheets 
issued by the manufacturers in order that 
suitable operating conditions may be chosen 
to suit the purpose for which the valve is 
to be used. 


Oo 


Grid Bias. 


20. It has been shown that a variation in 
V, will result in a variation in I,, V, remaining 
constant. Thus, if an alternating voltage 
is applied between grid and cathode of the 
valve shown in Fig. 8(a), a corresponding 
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Fig. 8—ALTERNATING VOLTAGE APPLIED TO 
THE GRID. 


variation about a mean value occurs in 
J, (Fig. 8(b)). The amount by which I, 
varies depends on the mutual conductance 
of the valve, since:— 


aI, = 8V, X Bp. 


21. It is normal when using a triode valve 
as an amplifier to apply a bias voltage to 
the grid. This bias consists of a d.c. voltage 
connected between grid and cathode, usually 
in such a way that the grid is negative with 
respect to the cathode. The input alternating 
voltage is then applied in series with the 
bias voltage to the valve grid as shown in 
Fig. 9. The main purpose of grid bias is to 
adjust the operating point of the valve to 
suit the condition for which the valve is 
required. Where a negative bias is used, 
gtid current will not be established. If 


THe TRIODE VALVE 
current 1s allowed to flow in the grid circuit, 
three effects are apparent :— 

(a) Distortion in waveform occurs on the 
positive half-cycle of the alternating grid 
input voltage. 
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Fig. 9.—GRID BIAS. 


(6b) Power is dissipated in the grid circuit. 
(c) The division of space current between 
grid and anode means that the anode 
current does not rise to as high a value as 
that to be expected. 


22. Classes of bias. There are four main 
‘classes’ of bias used to denote the operating 
conditions for a valve:— 


(a) Class A. Anode current fiows at all 
times during the entire input cycle. The 
normal biasing point to achieve this is 
midway between zero grid volts and the 
bottom bend (Fig. 10(a)). 


(6) Class AB. Anode current flows for 
less than the entire input cycle but for 
appreciably more than half the cycle 
(Fig. 10(b)). 

(c) Class B. The grid bias voltage is 
approximately equal to the cut-off value 
so that the anode current is approximately 
zero when no alternating grid voltage is 
applied. Anode current flows for approx- 
imately half of each cycle when an 
alternating grid voltage is applied (Fig. 
10(c)). 

(d) Class C. The grid bias voltage is 
appreciably greater than the cut-off value 
so that the anode current is zero when no 
alternating grid voltage is applied. Anode 
current flows for appreciably less than half 
of each cycle when an alternating grid 
voltage is applied (Fig. 10(d)). 

Note. To denote that grid current does 
not flow during any part of the input cycle, 
the suffix 1 may be added to the letter of 
the class identification, e.g., Class AB. 
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Fig. 10.—CLASSES OF BIAS. 


The suffix 2 may be used to denote that 
grid current flows during some part of the 
cycle. 


23. Methods of biasing. There are various 
ways in which negative bias may be applied 
to the grid of a valve. Some of the more 


common methods are described below:— 


(a) Battery bias. This is used in battery- 
operated equipment, the bias voltage being 
provided by a separate battery as shown 
in Fig. 11. 





Fig. 11.—BATTERY BIAS. 


(b) Cathode bias. This is used extensively 
in all types of radio equipment. As shown 
in Fig. 12, the total space current flowing 
through the cathode bias resistor R 
develops a p.d. across it in the polarity 
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Fig. 12.—CATHODE BIAS. 


shown, so that the grid becomes negative 
with respect to the cathode. The 
magnitude of the bias depends on the d.c. 
value of the space current and on the 
value of the resistor R. The capacitor C 
ensures a steady d.c. bias, since the value 
of C will be such that to any alternating 
component in the current it offers negligible 
reactance. No alternating p.d. will then 
be developed across C or R. Typical 
values for an a.f. amplifier are R = 7500, 
C = 25 » F. For a mean space current 
of 4mA the bias voltage then is :-— 
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4 
Vv = To00 * 70 
Ve SV, 


(c) Automatic grid bias. This depends for 


its action on the flow of grid current. 
Initially, the grid is at the same potential 
as the cathode. On applying an alternating 
input voltage, grid current flows on the 
positive half-cycle. The flow of electrons 
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Fig. 13.—AUTOMATIC GRID LEAK BIAS. 


from the grid charges the capacitor C in 
the polarity shown in Fig. 13(a) so that 
the valve operating point is moved further 
back. During the period of the input cycle 
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when there is no grid current, part of the 
charge on C ‘leaks away’ through the 
grid leak resistor R at a rate determined 
by the time constant CR. On the next 
positive half-cycle of input, a further pulse 
of grid current recharges C, part of this 
charge leaking away through R when grid 
current ceases. In this way the charge on 
C is built up until a point of equilibrium 
is reached where only sufficient grid current 
flows to supply a charge to C equal to 
that leaking away through R. At this 
point the d.c. bias is virtually constant. 
The bias is automatic since an increase in 
the amplitude of the input produces an 
increase in grid current and the bias will 
build up to a larger value. The bias is also 
dependent on the time constant CR, and 
the values must be chosen in relation to the 
frequency of the input signal and to the 
value of bias required. A small value of 
R causes C to discharge more Segal and 
the bias voltage is correspondingly reduced. 
Similar results are obtained with a small 
value of C. Vice versa for large values of 
C and R. Due regard must also be paid 
to the reactance of C at the input frequency. 


The Triode as an Amplifier 


24. Consider a triode valve in which the 
grid bias voltage is such that the valve 
operates under Class A conditions. When a 
d.c. voltage is applied from the h.t. supply 
to make the anode positive with respect to 
the cathode, the anode current assumes a 
steady d.c. value, known as its ‘pre-signal 
value’. On applying an alternating signal 
voltage to the grid in series with the bias, the 
anode current will vary in a manner similar 
to that of the signal, the change in J, depend- 
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Fig. 14—BASIC TRIODE AMPLIFIER. 
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Fig. [5.—WAVEFORMS IN A CLASS ‘A’ TRIODE 
AMPLIFER. 


ing On the g,, of the valve. If a suitable load 
is connected in series in the anode circuit, a 
p.d. is developed across it by the anode 
current. The variations in p.d. across this 
joad will be similar to the signal variations 
but will be greater in magnitude so that 
voltage amplification has taken place. A 
basic form of triode amplifier having a 
resistor as the anode load is shown in Fig. 14. 
The output is taken across the anode-earth 
line. The potential on the anode is the h.t. 
potential minus the voltage drop across the 
anode load. Thus, the anode voltage (and 
hence the output) varies in a manner similar 
to that of the signal voltage to give an 
amplified output. It should be noted that 
as V, rises, I, rises, the p.d. across R, rises 
and V, falls. Thus V, and I, a.e in phase 
with each other, but both are }'0° out of 
phase with V, as shown in Fig. Le. 


Equivalent Circuits 

25. The equivalent circuit of an amplifier 
is a representation in which direct currents 
and voltages are neglected, and alternating 
components only are considered. Such 
circuits are useful in calculating the gain of 
an amplifier, and in showing the correct 


operating conditions. Fig. 16(a) shows a 
basic amplifier circuit. Neglecting the d.c. 
components the equivalent circuit of Fig. 
16(b) may be obtained. From the relation- 
ship for y, a signal v, at the grid is equivalent 
to a voltage — pv, acting at the anode, the 
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Fig. 16.—CONSTANT-VOLTAGE GENERATOR 
TYPE OF EQUIVALENT CIRCUIT. 


negative sign indicating that the output from 
the anode is in antiphase with the input. The 
alternating component of current i, is then 
due to a voltage —v, acting through two 
resistors r, and R, in series so that:— 


oe — pv 
1, t+ RK) eRe .. (8) 

The voltage v, developed across the load R, 

is 1.R,. Thus:— 


— HY, Re 
“G+ R) a 
The ratio of output voltage v, to input 
voltage v, is termed the voltage amplification 
factor (v.a.f.) of the circuit. Thus:— 
R 
V.AF = -~—+— .. (10 
oR 
The v.a.f. is always less than p» but by 
making R, large in relation to r, it can 
approach pz. In practice R, is about 3 or 
4 times r,. 


26. The equivalent circuit of Fig. 16 is known 


as a constant voltage generator type of 
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circuit, and is generally used where the 
impedance of the source (i.e., the r, of the 
valve) is relatively small. For valves with a 
high value of r, it is preferable to use the 
constant current generator type of equivalent 
circuit. This is constructed as follows :— 

In equation (9), substitute for p» in 

terms of g,, and r,. 

Vi =— gv TR. . AL 
®(r, + R,) 





From equation (11) it is seen that the output 
voltage v, is produced by a current — Sng 
‘oe 





Fig. 17.—CONSTANT-CURRENT GENERATOR 
TYPE OF EQUIVALENT CIRCUIT. 


acting in a circuit consisting of two resistors 
r, and R, in parallel. The equivalent circuit 
for this is shown in Fig. 17. Now:— 


VAF. = Output v, 

Input v, 

_ Bm tT Ry 
2s @ V.A.F. — (tr, + R,) » ¢ (12) 


Equation (12) is identical with (10) since 
Znt, = p#. This shows the equivalence of 
the two circuits. 


Dynamic Characteristics 

27. The mutual characteristic curves con- 
sidered in Para. 9 are referred to as ‘static’ 
curves since, in plotting them, V, was 
assumed to remain constant. These static 
characteristics give information about the 
valve itself. However, when a valve is 
connected in a circuit with an anode load, 
V, no longer remains constant. If V, rises, 
the p.d. across the load rises and V, falls. 
Thus, with an anode load, any variation in 
V, results in a simultaneous (antiphase) 
variation in V,. To take account of this, a 
‘dynamic’ mutual characteristic is required 
which is characteristic not of the valve itself, 
but of the valve with a particular value of 
anode load. It can be plotted directly from 
a family of static mutual curves issued by the 
manufacturers. 
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Fig. 18.—DYNAMIC MUTUAL CHARACTERISTICS 


28. Fig. 18(a) shows the circuit of a triode 
amplifier with a purely resistive load of 
20 kQO and a ht. supply of 200V. The 
static mutual characteristics for this valve 
are shown in Fig. 18(b). If V, is sufficiently 
negative to make I, = 0, the p.d. across the 
load R, is zero and V, = H.T. = 200V. 
This occurs at V, = —20V, so that V, 
= —20V, I, = 0, V, = 200Vis point A 








on the dynamic curve. When I, = 2mA, 
the p.d. across R, is 40V and V, = 160V. 
The point B corresponding to I, = 2mA, 


V, = 160V is another point on the dynamic 
curve. When I, = 4mA, the p.d. across R, 
is 80V and V, = 120V. Thus, I, = 4mA, 
V, = 120V is point C on the dynamic curve. 
The full line joining the points A, B and C 
gives the dynamic mutual characteristic for 
the valve with a load of 20kQ. The dynamic 
characteristic for any value of load resistance 
may be plotted in a similar manner, and 
curves for 5 kQ, 10 kQ, and 40 ko loads 
are shown dotted in Fig. 18(b). 


29. Examination of Fig. 18(b) shows that:— 
(a) The dynamic characteristics are almost 
straight throughout. 

(b) The higher is the load resistance, the 
lower the slope of the dynamic curve. 
(c) The smaller is the load resistance the 
more nearly does the dynamic character- 
istic coincide with the static characteristic 
for V, = 200V, and the greater is the 
curvature near cut-off. 


30. Suppose the operating point chosen for 
the circuit of Fig. 18(a) is point Q in Fig. 19, 
corresponding to V, = —7:5V, I, = 3:5 mA. 
The application of a signal of peak value 
2-5V in series with the bias causes V, to 
vary between —5V and —I10V, and I, to 
vary between 2:6mA and 4-4mA about its 
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Fig. 19.—USE OF DYNAMIC CURVES. 


pre-signal value of 3-SmA. The alternating 
anode current of peak value 0-9mA flows 
in the load resistance of 20 kQ, developing 
a peak voltage of 18V across this load. The 
v.a.f. of the circuit considered is, therefore, 


= 7-2. It depends on the value of 
the load resistance as shown by equation (10). 
An undistorted output always results if the 
dynamic characteristic is straight over the 
entire grid swing, and the load resistance 
and operating point are chosen to ensure 


this. 


The Load Line 


31. A load line plotted on the anode 
characteristics for a valve corresponds exactly 
to the dynamic mutual characteristics for the 


same valve and load resistance. Under 
no-signal conditions, the d.c. value of anode 
voltage is given by:— 
V, = H.T. — I,R, 
H.T. — V, 
Rk = 


This is the equation of the load line which 
is plotted in the form of a graph on the 
anode characteristics. For a purely resistive 
load this graph is a straight line. From 
equation (13) it is seen that when I, = O, 


V, = H.T.; when V, — O, I, eis oe 


This gives two points on the anode character- 
istic which enable the load line to be plotted. 


I= 
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Fig. 20.—LOAD LINES. 


32. Fig. 20 shows the static anode character- 
istics for the same valve and h.t. supply 
(200V) as that considered in Para. 28. The 
load line for a 20kQ load is plotted from the 
points I, = O, V, = 200V; and V, = O, 


a ™ 30,0000 = 10mA. 


Load lines for S5kQ, 10kQ and 40kQ may be 
plotted in a similar manner as shown dotted 
in Fig. 20. 


33. In determining the operating conditions 
for a triode amplifier several factors are 
important :— 
(a) The value of load resistance and the 
operating point on the resultant load line 
must be so chosen that distortion is 
reduced to a minimum. 
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(6) Grid current must not be allowed to 
flow if distortion and power dissipation 
at the grid are to be prevented. 


(c) The rated dissipation for the valve 
must not be exceeded. 


34. Fig. 21 repeats the 20 kQ load line 
for the valve and circuit previously con- 
sidered. The rated dissipation curve for 1 
watt has also been inserted. Suppose the 
operating point chosen is point Q, which 
corresponds to V, = —-7:5V, I, = 3:5 mA, 
V, = 130V. The application of a signal of 
2:5V peak in series with the bias causes V, 
to vary between —5V and —10V along the 
load line. This causes I, to vary between 
2-6mA and 4:4mA about its pre-signal value 
of 3-5mA; V, varies between 112V and 
148V about its pre-signal value of 130V. 
Thus, for equal swings of grid voltage about 
the standing bias, equal swings in the values 
of anode current and anode voltage are 
obtained. This implies no distortion, since 
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Fig. 21.—USE OF LOAD LINES. 


the load line makes equal intercepts on the 
anode characteristics. This is equivalent to 
selecting a straight dynamic mutual character- 
istic. 

35. With a signal of peak voltage 2-5V on 
the grid, an alternating anode current of 
0:9mA peak flows in the load resistance of 
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20kQ, thus developing a peak voltage of 
18V across this load. The v.af. of the 


circuit is, therefore, a = 7-2. This is 
the same value as that given in Para. 29, so 
that the dynamic mutual characteristic and 
the load line are equivalent ways of expressing 
the behaviour of the valve with a given 
resistive anode load. The load line method 
is more usual since distortion is easier to 
detect, and all the waveforms may be shown 
simultaneously. 


Practical Triodes 

36. Triode valves are used for a large 
number of purposes in radio equipment. 
Such applications include voltage and power 
amplifiers, oscillators and trigger devices in 
control systems, all of which are considered 
in later Sections. To give this wide range of 
activity, triode valves are available from 
subminiature types up to valves capable of 
developing several hundred kilowatts of 
power output :— 


(a) The small general purpose types of 
triode, such as those used in radio receivers, 
are air-cooled, employ either glass or 
metal envelopes, and use oxide-coated 
cathodes. In general, r, is high (several 
thousand ohms), g,, is small (about 3mA/V) 
and » is high (up to 100). Anode voltages 
rarely exceed 250V, grid bias voltages are 
low (—1V to —15V), and anode currents, 
are of the order of 2mA to 20mA. 


(6) In small power triodes capable of 
supplying up to 50W power output, r, is 
small (a few hundred ohms), g,, is high 
(about 10mA/V) and p» is small (up to 
10). Grid bias voltages are much higher 
(up to —100V), and anode currents up 
to 150 mA are obtained. 

(c) In high-power water-cooled triodes 
used in ground transmitting equipment, 
the valve constants are similar to those 
given in (b), but the anode voltage may bé 


several thousand volts, the grid bias 
several hundred volts and the anode 
current of the order of amperes. 


Triode Inter-electrode Capacitances 


37. The electrodes in a triode valve are 
conductors with small spacing between 
them, so that between every pair of elec- 
trodes there exists a capacitance. The three 
capacitances are:— 

(a) C,,, between grid and anode; 

(b) C,,, between grid and cathode; 

(c) C;,, between anode and cathode. 
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CAPACITANCES. 


These are shown in Fig. 22. C,, is normally 
so small as to be neglected, but C,, and 
Cy, can have a considerable effect on the 
operation of the valve. 


38. At low frequencies the inter-electrode 
capacitances may be neglected since the 
capacitances are very small (a few picofarads) 
and their reactance at those frequencies 
very high. However, at higher frequencies 
the effect (especially that of C,,) may be 
considerable, resulting in a reduction in 


gain, increased distortion, instability and even o 


lation. The exact effect depends on the 
nature of the load. The triode valve has 
therefore, certain limitations when used at 
high frequencies. The effect which C 
has on the valve and its associated circuits 1s 
known as the ‘Miller effect’ and will be 
considered in detail in a later Section. 
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MULTI-GRID AND MULTI-UNIT VALVES 


Introduction 


1. The first multi-grid valve was the tetrode, 
which has two grids. The second grid was 
introduced as a ‘screen’ between the first 
grid and the anode to reduce C,,, thereby 
reducing Miller effect. Subsequently, valves 
with up to six grids have been produced for 
various purposes. In addition, there are 
multi-unit types consisting of more than one 
valve within a single envelope. 


TETRODE VALVES 
Tetrode Construction 
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Fig. 1.—TETRODE VALVE. 


2. The construction of the tetrode valve is 
as shown in Fig. 1 (a) and the symbol in 
Fig. 1(b). If the screen grid were maintained 
at a d.c. potential approaching that of the 
anode, most lines of electric force leaving 
the cathode and control grid would terminate 
on the screen, and the electric field in the 
space between anode and screen would be 
very weak. The effective capacitance between 
anode and screen, and hence between 
control grid and anode is then considerably 
reduced. The C,, for a tetrode is of the 
order of 0-005 pF as compared with about 
2 pF for a triode, and Miller effect becomes 
negligible. 


Screen Grid Potential 


3. If the screen grid were maintained at 
earth potential, the number of electric lines 
of force reaching the control grid from the 
anode would be very few because of the 
screening effect of the screen grid. The 
resultant anode current would be negligible. 
It is therefore essential that the screen grid 
be maintained at a positive potential with 
respect to the cathode so that an electric 
field is established between the control grid 
and the screen grid. Electrons, accelerated 
by this field, will then pass through the 
screen grid and reach the anode to establish 
anode current. The electric field reaching 
the control grid from the anode is virtually 
unaffected by the anode potential and con- 
sequently the anode current is only in a 
limited degree dependent upon anode voltage. 


4. The screen potential of a normal tetrode 
valve is maintained at about two-thirds that 
of the anode potential. This is obtained by 
connecting the screen to the h.t. positive line 
via a dropping resistor R, in which there is 
a certain volts drop due to the screen grid 
current I, (Fig. 2(a)). The screen potential 
V, is then given by:— 

V, = HT. —T,R, .. Q 
Alternatively, the screen is taken to a tapping 
on a potential divider connected across the 
h.t. supply, the values of the two resistors 

, and R,, being adjusted in relation to 
the h.t. supply and the current J, to give 
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the required screen potential V, (Fig. 2(b) ). 
Hence:— 

V, = HT.-— (+ I) R, -- @ 
Alternatively :— 

V, = IR, is ns .- (3) 


5. In both cases a de-coupling capacitor C, 
is essential, and it is chosen to be of a. 
sufficiently large value to have a very low 
reactance at the input signal frequencies. 
Thus, although the voltage swing at the 
control grid varies the current flowing 
through the valve to both the screen and the 
anode, the capacitance C, maintains the 
screen at a constant d.c. potential. In fact, 
so far as the frequencies in the signal voltage 
are concerned, the screen is at the same 
potential as the cathode. 


Secondary Emission Effects 


6. “Secondary” electrons are emitted from 
the anode of a valve when the surface of the 
anode is bombarded with high-velocity 
“primary” electrons from the cathode. This 
phenomenon of secondary emission occurs 
in all valves, but in diodes and triodes the 
secondary electrons are attracted back into 
the anode and they have no effect on the 


behaviour of the valve, In the tetrode 
however, the fast-moving primary electrons 
pass through the screen grid to the anode 
and produce secondary emission. The slow- 
moving secondary electrons in the anode- 
screen space are then attracted either to the 
anode or to the screen grid, whichever is at 
the higher potential relative to the cathode. 
The resultant anode characteristic for a 
typical tetrode having a fixed screen potential 
of V, = 100V is as. shown in Fig. 3. When 
the anode potential is zeré, the emitted 
primary electrons are attracted to the screen, 
giving a high screen current I, and zero anode 
current I,. 
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A TETRODE. 


7. Over the portion AB, as the anode 
potential is increased, some of the electrons 
passing through the meshes of the screen are 
carried on by their momentum to the anode 
giving an anode current which increases 
with increased anode voltage. Over this 
portion of the curve the primary electrons 
are not travelling sufficiently fast to produce 
secondary emission. Because of the screen 
grid, the potential of the anode will have 
very little effect on the electric field in the 
vicinity of the cathode and an increase in 
anode potential will mot appreciably increase 
the total space current I,, which remains 
virtually constant throughout. Any increase 
in anode current will therefore be at the 
= aa of the screen current as shown in 
ig. 3. 


8. Over the portion BC of Fig. 3, the 
velocity of the primary electrons is such 
that secondary emission is occurring. Since 


the potential of the anode is lower than that 
of the screen, the slow-moving secondary 
electrons from the anode are attracted to the 
screen, thereby causing an increase in screen 
current at the expense of anode current. 
Thus, over this portion of the graph the 
anode current decreases with increased anode 
potential, and the valve then behaves as a 
negative resistance. 


9. Over the portion CD of Fig. 3 secondary 
emission is still occurring but as the anode 
potential is increased, more secondary 
electrons will be drawn back into the anode 
and the anode current will once more 
increase at the expense of a decreasing screen 
current. Thus, to prevent the effects of 
secondary emission in a tetrode the anode 
potential must always be greater than that 
of the screen. 


10. To prevent operating over the ‘kink’ 
portion of the characteristic, the load and 
the operating point on the resultant load line 
must be correctly adjusted. If the load is 
such that the load line is lower than that 
shown in Fig. 4 distortion will occur. Over 
the operating portion the anode character- 
istic becomes practically a horizontal line. 
This does not indicate saturation but shows 
what little effect the anode voltage has on 
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Fig. 4—-TETRODE AS AN AMPLIFIER. 


the anode current. Thus, the anode slope 
resistance r, is much higher than that in a 
triode. The mutual conductance g,, is of 
the same order as that for a triode. Hence, 
from the relationship between the valve 
constants the amplification factor p is higher 
than that in a triode. Due to the restriction 
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on the working part of the characteristic 
imposed by secondary emission, the basic 
screen grid tetrode is of little use as an 
amplifier and is now almost obsolete. 


Critical Distance Tetrodes 


11. The essential features of the tetrode 
are :— 

(a) Low grid-anode capacitance. 

(b) High amplification factor. 
To retain these features and at the same time 
increase the usefulness of the valve it is 
necessary to suppress the effects of secondary 
emission. One way of achieving this is to 
design the valve with a smal] control grid/ 
screen grid separation, and a lArge screen 
grid/anode separation combined with the use 
of an oOpen-meshed screen. The screen 
potential will still largely govern the space 
current, and the open-meshed screen will 
allow most of the electrons to pass through 
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Fig. 5.—CRITICAL DISTANCE TETRODE. 
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and come under the influence of the anode. 
The screen current is kept small by optical 
alignment of the wires of the control grid 
and of the screen, so that very few electrons 
are intercepted by the screen. 


12. Even if the anode potential is lower than 
that of the screen, secondary electrons 
emitted at the anode will have to travel a 
considerable distance before the attraction 
of the screen is greater than that of the anode. 
The result is that the secondary electrons are 
attracted back into the anode and the effects 
of secondary emission are thus eliminated. 
Fig. 5(a) shows the essential features of the 
construction, while Fig. 5(b) illustrates the 
anode characteristics of a typical critical- 
distance tetrode. 


Beam Tetrodes 


13. To reduce further the effects of 
secondary emission, additional elements are 
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(c) SIDE VIEW 


inserted. The electrode arrangements of a 
beam tetrode are illustrated in Fig. 6. The 
distinctive features of this valve are as 
follows :— 


(a) The control grid and screen grid wires 
are of equal pitch and are so aligned that 
the screen grid wires lie in the ‘shadow’ of 
the control grid wires. Very few electrons 
are intercepted by the screen and the 
resultant screen current is small. At the 
same time, the electrons escaping through 
the grids form beams of relatively high 
current density. 


(b) Beam-forming plates which are intern- 
ally connected to the cathode are inserted 
to give a beam with small lateral spread. 


(c) A flat cathode is used to assist in 
beaming. 


(d) There is a large anode-screen separa- 
tion. 
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Fig. 6—BEAM TETRODE. 


14. The concentration of the electrons into 
a beam, combined with a large distance 
between anode and screen, gives an intensified 
space-charge effect in the anode-screen space. 
The potential gradient of the electric field 
in this region for given values of anode and 
screen voltages is as shown in Fig. 7. The 
potential minimum near the anode prevents 
the slow-moving secondary electrons from 
the anode reaching the screen and the effects 
of secondary emission are eliminated. The 
effect on the high velocity primary electrons 
is negligible. 
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Fig. 7—ELECTRIC FIELD IN ANODE-SCREEN 
SPACE. 


15. Characteristic curves giving the variation 
of anode current with anode voltage for a 
constant value of screen voltage are illus- 
trated in Fig. 8 for a typical beam tetrode. 
The kink evident in the screen-grid tetrode 
characteristic has been eliminated, and for 
this reason critical-distance tetrodes and 
beam tetrodes are often referred to as 
‘kinkless’ tetrodes. 


16. In beam tetrodes the forming of the 
electrons into beams produces a relatively 


I, (mA) 


=-5V 
Na Ny*-fOV 
80 
Vas -ISV 
60 
Wr720V 
40 
2054 | 
oO 


50 100 150 200 250 % “volts? 


Fig. 8 ANODE CHARACTERISTICS OF A 
BEAM TETRODE. 


MULTI-GRID AND MULTI-UNIT VALV3S 
high anode current. For this reason beam 
tetrodes are suitable for use mainly as power 
amplifiers at both a.f. and r.f. and in this 


connection are referred to as ‘output tetrodes’ 
or ‘beam power valves’. 


PENTODE VALVES 
Pentode Characteristics 


17. The pentode, as its name implies, is a 
five-electrode valve. It comprises a cathode, 
a control grid, a screen grid and a coarse 
mesh grid between the screen and the anode, 
called the suppressor grid (Fig. 9). The 
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Fig. 9.—PENTODE VALVE. 


function of the suppressor grid is to prevent 
the effects of secondary emission from the 
anode. The suppressor grid is normally 
connected to the cathode (sometimes intern- 
ally) and the resultant potential distribution 
in the screen-anode space shows a potential 
minimum at the suppressor. This has very 
little effect on the fast-moving primary 
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electrons, but it is effective in preventing the 
slow-moving secondary electrons from the 
anode reaching the screen. 


18. The mutual characteristics of a typical 
pentode are shown in Fig. 10(a) and the 
anode characteristics in Fig. 10(b). These 
curves have a shape similar to those for a 
beam tetrode but the ‘knee’ in the anode 
characteristics is sharper in a pentode. Below 
the knee the anode voltage has considerable 
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Fig. 10.—PENTODE CHARACTERISTICS. 


effect on the anode current. The reason for 
this is that the primary electrons are slowed 
down by the potential minimum at the 
suppressor grid,and at zero anode voltage 
(when there is no electric field from the anode) 
the primary electrons actually stop and 
produce a virtual cathode on the screen side 
of the suppressor grid. Any slight increase 
in anode voltage reduces the negative space 
charge to give a rapid increase in anode 
current. This continues until the virtual 
cathode disappears at the knee of the anode 


characteristics. Thereafter, the anode voltage 
has practically no effect on the anode current 
since the anode is screened from the true 
cathode by three grids. The screen voltage, 
on the other hand, has an effect comparable 
to that of the anode of a triode. 


Pentode as an Amplifier 


19. Fig. 11(a) shows a pentode connected 
as a voltage amplifier and Fig. 11(b) shows 
the constant-current generator form of 
equivalent circuit. When using a triode as 
a voltage amplifier, the anode load R, is 
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Fig. 11.—-PENTODE AS AN AMPLIFER. 


typically of the order of four times the anode 
slope resistance r,. With a pentode, r, is high 
and the value of R, is normally small in 
comparison. The constant-current form of 
equivalent circuit is used since the impedance 
of the source is high in relation to that of 
the load. 


20. From the equivalent circuit it is seen 
that the v.a.f. is given by:— 


VAF, = Qutput 





r, R, 

mR 
R 
’. V.A.F. = ——— 
oT a Rt, 

If, as is usually the case, r, is very much 
larger than R,, the v.a.f. for a pentode may 
be written as:— 

V.A.F. = gL R, .. .. (4) 





Load Lines for a Pentode 


21. The anode characteristics shown in 
Fig. 10(b) for a typical pentode are repeated 
in Fig. 12. With an available h.t. supply of 
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Fig. 12.-PENTODE LOAD LINES. 


300 V and a load resistance of 10 ko the 
resultant load line can be plotted and the 
operating point Q chosen. From the equal 
intercepts it is seen that the grid input can 
vary between O V and —3 V about the 
standing bias of —1-5 V without producing 
appreciable distortion. The peak value of 
anode current corresponding to a peak grid 
voltage of 1-5 V is 9-5 mA, giving a peak 
voltage of 95 V across the anode load. The 
v.a.f. of the stage is:— 
95 
V.A.F. = —< 63. 
Alternatively, since the g,, for this valve is 
6-5 mA/V, the approximate v.a.f. can be 
obtained from equation (4):— 
V.A.F. = g, R, 
6-5 
ane x 104 


= 65. 
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22. If an anode load of 20 kag is chosen, 
another load line is obtained with the 
operating point P. This time the intercepts 
indicate that a peak signal of 0-5 V only may 
be applied without producing undue dis- 
tortion. The peak value of anode current 
corresponding to a peak signal of 0-5 V is 
3°25 mA, giving a peak voltage of 65 V 
across the anode load. The v.a.f. is:— 


65 
V.A.F. = ot 130. 
Alternatively :— 
V.A.F. = g,R. 
= o> x 20 x 108 
108 
= 130. 


Care must be taken in choosing the value of 
anode load for the available input signal, 
if distortion is to be prevented. 


23. Anode bottoming. If a high anode load 
of 40 ko is chosen and the load line for this 
is plotted, an interesting result is obtained. 
The characteristics for:— 

V, = OV, — 0:5 V, — 1 Vand —1°5V 
all cut the load line at the same point, 
namely I, = 7:4 mA, V, = 10 V. Thus, 


‘as the value of V, is increased from —3 V 


along the load line, I, rises and V, falls until 
V, reaches a value of —1-5 V. Thereafter, 
any further increase in V, produces no 
further rise in I, or fall in V,. The valve 
is said to have ‘bottomed’ at a grid voltage 
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of —1-5 V (Fig. 13). This arrangement is 
used in some circuits on radio equipment. 
The cause of bottoming is the formation of 
the. virtual cathode on the screen side of the 
Suppressor grid at low values of anode 
voltage (see Para. 18). The control grid 
voltage has then no effect on the anode 
current. 


Variable-mu Pentode 


24. This is a particular type of pentode 
valve which is used considerably in the early 
Stages of a receiver. The valve is so con- 
structed that the anode current diminishes 
more and more slowly as the grid is made 
increasingly negative. The value of g, 
(and hence of ,) therefore varies considerably 
over the operating range, being high at low 
values of negative bias and vice versa. The 
mutual characteristics of such a valve are 
shown in Fig, 14(a), the dotted curve repre- 
senting the more normal ‘sharp cut-off’ 
pentode. The corresponding anode 
characteristics are shown in Fig. 14(b). 
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Fig. 14.—VARIABLE-MU PENTODE 
CHARACTERISTICS. 


25. The variable-mu pentode was introduced 
in an attempt to keep the output from a 
receiver constant despite wide variations in 
the amplitude of the signal input, caused for 


example by fading. When the input signal 
is small, the valve operates with a small 
negative bias, whence the g,, and hence the 
gain is high (since v.a.f. = g,R,). When the 
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Fig. 15.—USE OF VARIABLE-MU PENTODE. 


signal amplitude increases for some reason, 
the negative bias is caused to increase, so 
that the gain is reduced and the output 
remains sensibly constant. This is illustrated 
in Fig. 15. To avoid distortion due to the 
curvature of the mutual characteristics the 
input signal should not be too large. 


26. The variable-mu characteristic is ob- 
tained by winding the control grid so that the 
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wires are close together near the ends of the 
electrode structure (A and B of Fig. 16) but 
are much further apart at the middle (M). 
As the grid is made more negative the space 
current is cut off quickly at A and B and 
more slowly at M. A uniform variation in 
g, and p, and a long ‘tail’ to the mutual 
characteristic, may be obtained in this way. 
The term ‘remote cut-off pentode’ is sometimes 
used to describe a variable-mu pentode since 
a very large negative bias is required to 
reduce the anode current to zero. 


Applications of a Pentode 


27. Pentode valves are available from 
sub-miniature types up to valves capable of 
handling 2 kW of power. They are used 
extensively in radio equipment for a wide 
variety of purposes but their main use is as 
voltage amplifiers and power amplifiers at 
both a.f. and r.f. Distortion is more difficult 
to prevent than in a triode and the ‘valve noise’ 
of a pentode is greater (see Para. 48). 


28. For most purposes, the suppressor grid 
is held at cathode potential in order to 
prevent the effects of secondary emission. 
However, in certain specialized circuits, it 
may be required to vary the suppressor grid 
potential (e.g., in suppressor grid modulation). 
The suppressor is then biased negatively and 
its negative potential is varied by an applied 
signal. This affects the potential distribution 
in the screen-anode space in such a way that 
the primary electrons passing through the 
screen are ‘controlled’ by the suppressor 
potential and the anode current is thus 
varied. Therefore, the control grid and the 
Suppressor grid both affect the anode 
current and signal inputs may be applied 
to each grid. 


FREQUENCY-CHANGER VALVES 


Purpose 


29. There is a group of valves designed 
especially for use as frequency-changers (see 
Sect. 14). In these, two separate grids 
exert dual control of anode current, while 
additional grids remove the effects of 
secondary emission and prevent unwanted 
coupling between the circuits connected to 
the grids and the anode. 


Hexodes 


30. The symbol for a hexode (six electrodes) 
is shown in Fig. 17. The valve is a modified 
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pentode having an extra screen interposed 
between the third grid and the anode. This 
additional screen Gy, is usually connected 
internally to the existing screen G, and is 
maintained at a steady positive potential so 
that it functions.in the same manner as the 
screen grid in a tetrode to reduce inter- 
electrode capacitance. One signal input is 
applied to G, and the other to Gg to give 
dual control of anode current. 


Heptodes 


31. In the hexode, the screen G, at a 
positive potential is = to the anode and 
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secondary emission effects may occur as in 
a tetrode. This difficulty is overcome by 
inserting a suppressor grid G, between G, 
and the anode, as illustrated in Fig. 18(a). 
An alternative form of heptode connection 
is shown in Fig. 18(b), where the cathode, 
G, and G, form an effective ‘triode’ which 
is used to produce one of the signals. The 
grids G, and G, are connected together and 
maintained at a positive potential so that 
they form a screen round the grid G, to 
which the second signal is applied. 


Octodes 


32. The heptode arrangement shown in 
Fig. 18(b) has a positive screen adjacent to 


Fig. 19.—OCTODE VALVE. 


the anode, and to prevent the effects of 
secondary emission a suppressor grid Ge is 
inserted between the screen G; and the anode 
as shown in Fig. 19. Again, the cathode, 
G, and G,, form a ‘triode oscillator’ pro- 
ducing one of the signals. The grids G, and 
G, form a screen round G, to which the 
second signal is applied, and Ge is the 
suppressor grid. 


MULTI-UNIT VALVES 
Types 


33. To save space and to economise in 
wiring, valves have been developed which 
enclose in one envelope two or more complete 
sets of electrodes, each set behaving as a 
single valve. The triode-hexode is a typical 
example and is one of the most commonly- 
used frequency-changer valves. The arrange- 
ment is shown in Fig. 20. The triode portion 
produces one of the signals which is applied 
to the ‘injector’ grid G, of the hexode portion. 
The other signal is applied to the hexode 
grid G, and the hexode grids G, and Gy, 
form a screen round G3. 
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34. Other multi-unit valves are illustrated 
in Fig. 21. They are:— 

(a) Double-diode. 

(b) Double-triode. 

(c) Double-beam-tetrode. 

(d) Double-diode-triode. 

(e) Double-diode-pentode. 


ee Aa 


(a) DOUBLE DIODE 


idk. 


Luma Ge" | Guy 


(b> DOUBLE TRIODE (c) DOUBLE BEAM-TETRODE 


ct é 


6, ——— += Go. - - 


cote _ Dobe DIODE, 


K 
(d) DOUBLE DIODE-TRIODE (e) DOUBLE DIODE-PENTODE 


Fig. 21.—MULTI-UNIT VALVES. 


HIGH FREQUENCY EFFECTS 

Factors Affecting Use of Valves at Higher 
Frequencies 

35. The operation of valves is affected 


considerably by several’ factors as _ the 
frequency at which they are required to 


operate is increased. The factors limiting 

the use of the valves so far discussed at very 

high frequencies are effects caused by:— 
(a) Valve inter-electrode capacitance. 


(6) The inductance of the connecting leads 
to the valve electrodes. 


(c) The time taken for an electron to 
travel from the cathode to the anode of 
the valve (the ‘transit time’ of an electron). 
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Inter-electrode Capacitance and Lead 
Inductance 


36. Fig. 22 shows a triode valve in which 
the valve inter-electrode capacitances and the 
inductance of the leads ¢onnected to the 
electrodes have been annotated. The anode 
lead inductance L, can usually be neglected 
since it can be included as part of the tuned 
LC circuit in the anode. Similarly, C,, is 
so small as to be negligible and C,, can be 
considered to augment C,, by virtue of the 
Miller rie The important elements are 
then C,,, L,, and L,. 


37. Fig. 23) shows L,, C,,, and L, con- 
nected in series between the gr grid and cathode 
pins of the valve. Assuming these elements 
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Fig. 23.—EFFECT OF VALVE CAPACITANCES 
AND INDUCTANCES. 


to have the values indicated, it is seen that 
at a low frequency of 100 kc/s the input 
impedance Z,, will have a high value of 
325,000 ohms (Fig. 23(b)). However, as the 
frequency is increased, X, increases and X, 
decreases. Thus, at a high frequency of 
309 Mc/s, Z,, falls to the low value of 68 
ohms (Fig. 23(c)). Further, at the resonant 
frequency of this circuit (approx. 500 Mc/s), 
the input impedance is zero. Thus, one 
effect of the inter-electrode capacitances and 
the lead inductances is to cause a reduction 
in the input impedance of the valve as the 
frequency increases. This results in damping 
of the valve input circuit so that the power 
required to supply a given voltage at the 
grid will be high. 
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Transit Time 

38. In all the valve actions so far discussed 
it has been assumed that electrons move 
from the cathode to the anode in a negligibly 
short time. This assumption of zero transit 
time is satisfactory up to frequencies of about 
100 Mc/s and for practical purposes, up to 
those frequencies, a rise in grid voltage 
gives an instantaneous rise in anode current. 
For example, in a typical pentode, the time 
taken by an electron to cross from the 
cathode to the anode is approximately 
3 x 10° sec. If the valve is operating at 
a frequency of 1 Mc/s, one period of oscil- 
lation is 10 sec., and this time is long 
in relation to the transit time. Thus, transit 
time can be neglected. However, at a 
frequency of 300 Mc/s one period of oscil- 


lation Ss 108 3 x 10° sec. The 


time taken by the electron to cross the valve 
is now comparable to the time taken by one 
cycle of the input and transit time becomes 
a limiting factor at such high frequencies. 


Effects of Transit Time 


39. When the time taken by an electron to 
traverse a valve is of the same order as the 
period of the high frequency input, several 
effects appear:— 


(a) The grid-cathode input impedance falls 
to a low value and the power required to 
supply a given input voltage will be high. 
(b) The amplification factor » of the valve 
falls as the input frequency is increased. 


(c) The phase difference between anode 
and grid potentials is disturbed. 


40. Effect on input impedance. Electrons 
approaching the grid from the cathode induce 
a charge in the grid and since this charge is 
changing, an induced grid current is 
established. However, electrons which have 
passed through the grid and are moving 
away to the anode will induce an opposite 
charge on the grid and since, at low 
frequencies, the number of electrons 
approaching the grid from the cathode is 
approximately equal to the number leaving 
the grid for the anode at any given instant 
of time, the average grid current is zero. At 
high frequencies, the effect of transit time 
is such that more electrons may be approach- 
ing the grid than are leaving it, or vice versa. 
The two induced charges do not now cancel 
out and an average induced current is 


established, indicating that the effective input 
impedance Z,, has fallen. This effect increases 
with frequency. For example, in a typical 
pentode:— 

At 10 Me/s, Z,, = 100 ko 

At 50 Me/s, Z,, = 4 ka 

At 300 Mc/s, Z,, = 2500 


41. Effect on yp. A _ reduction in the 
negative potential applied to the control grid 
of avalve causes the anode current to increase. 
At very high frequencies, the transit time 
is such that before the electrons are able 
to pass through the grid, the grid potential 
will become more negative repelling some 
of the electrons back to the cathode. Thus, 
the anode current does not rise to the 
extent indicated by the valve characteristics 
and the effective mutual conductance g. 
(and hence p) falls as the frequency is 
increased. 


42. Effect on phasing. Because of the 
transit time of the electron, a variation in 
the signal voltage at the grid does not cause 
an instantaneous variation in the anode 
current. This effect increases with frequency 
with the result that at very high frequencies 
the anode current may Jag the grid voltage 
by a considerable angle. The phase difference 
between grid and anode potentials then 
becomes less than 180°. This effect is 
important in oscillator circuits. 


Reduction of H.F. Effects 


43. To combat the above noted effects 
valves of special construction are used :— 


(a) The spacing between the electrodes is 
reduced and the h.t. applied to the anode 
is increased in order to reduce transit time. 
(b) The reduction in spacing gives an 
increase in inter-electrode capacitances, and 
in order to compensate for this it is 
necessary to reduce the area of the elec- 
trodes. The two factors of close spacing 
and smaJl area of the electrodes give 
reason for the introduction of miniature 
and sub-miniature valves used at very high 
frequencies. Their small size however, 
sets a limit on the power they are capable 
of handling. 

(c) Lead inductances may be minimized 
by the use of short leads of large diameter 
or by multiple leads. Alternatively, the 
connecting lead may be included as an 
integral part of the external circuit. 
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(b) DISC SEAL 
Fig. 24.—VALVES FOR V.H.F. 


44. Fig. 24 shows two examples of valves 
incorporating the features given above. 
Fig. 24(a) shows an acorn valve capable of 
operation up to 1,000 Mc/s at a power output 
of 500 mW. Fig. 24(b) shows a disc-seal 
(lighthouse) valve which is capable of 
operation at frequencies of the order of 
1,000 Mc/s at a power output of 100 W. 
In the disc-seal valve the electrodes are 
connected directly to the external circuit 
elements (coaxial cables) so that lead induc- 
tance is eliminated. 


45. Even when every possible step has been 
taken to reduce hf. effects, the ultimate 
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frequency limit in order to give a reasonable 
output from valves previously described is 
of the order of 1,000 Mc/s. Transit time is 
the limiting factor and when the use of 
other valves becomes impossible, types 
functioning on a different principle are used. 
These valves actually make use of transit 
time and include klystrons and magnetrons. 
They are described in Part 3 (Radar). ech- 


VALVE NOISE 
Noise 


46. ‘Noise’ in a radio receiver may be de- 
fined as any unwanted electrical disturbance, 
usually of a random character, due to any 
causes. The effect of such noise is to tend 
to mask or obscure a desired signal, and if 
the ratio of the amplitude of the desired 
signal to that of the unwanted noise is too 
low, the signal will be completely submerged 
in the noise and will become indistinguishable. 
Noise in the output of a receiver is derived 
from a large number of sources, some 
external to the receiver and some internal. 
At this stage it is desired to discuss noise 
caused by valves, all other sources of noise 
being considered in Sect. 14. 


Main Sources of Noise in Valves 


47. Shot effect. This is due to random 
variations in the rate of emission of electrons 
from the cathode. The number and the 
velocity of the electrons arriving at the anode 
therefore varies from instant to instant, and 
the corresponding variations in anode current 
develop a random noise voltage across the 
anode load. A valve which is operating 
under space-charge-limited conditions pro- 
duces a relatively low noise voltage since the 
electrons crossing the valve from the space 
charge are more constant in number and 
velocity. 


48. Partition noise. This occurs in valves 
with more than one grid and is caused by 
random variations in the division of valve 
current between the anode and any other 
positive electrode(s). The resultant variations 
in anode current produce a noise voltage 
across the load in addition to that produced 
by shot effect. Thus, multi-grid valves are 
noisier than triodes. To reduce partition 
noise, optically-aligned grid structures are 
used so that the number of electrons inter- 
cepted by the grids is small. 
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49. Induced grid noise. This is only effective 
at very high frequencies where transit time 
effects are becoming apparent. It was 
explained in Para. 40 that at such frequencies 
a current will be induced in the control grid 
and since this current is random in nature, 
a resultant noise voltage appears across the 
anode. load. 


Equivalent Noise Resistance 


50. It is convenient to express the total 
noise produced by a valve in terms of an 
equivalent ‘noisy’ resistor which, when placed 
in the grid circuit of an ideal (noiseless) valve, 
would produce the same noise voltage across 
the anode load as that produced by the 
noisy valve itself. For a triode valve, the 
equivalent noise resistance R, is given 
approximately by the relationship:— 


(5) 
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(EC91) 


CV1933 
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(EF50) 


CV1981 
(6SK7) 


CV1966 
(6SA7) 


CV1945 
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Table !. 
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Valve reference Valve type To £m je 


CV133(6C4) Triode 7°7k 
CV417(EC91) Triode 12k 
Triode 3°7k 
Beam tetrode 771k 
Beam tetrode 33k 
CV138(EF91) Pentode 1M 
CV1i053(EF39) Pentode 1-25M 
CV1056(EF36) Pentode 2-5M 
CV1966 (6SA7) Heptode 1M 
CV1426(EK2) Octode 2M 
-CV1347(ECH35) Triode-hexode 1-3M 
CV859(6JEG) Triode-heptode 4M 


Table 2. COMPARISON OF VALVES. 


Multi-grid valves introduce addisional 
(partition) noise so that the equivalent noise 
resistance of pentode valves is of the order 
of three to ten times as great as that of 
triode valves. Typical values are given in 
Table 1. 


VALVE BASES 
Common Types 


51. The electrodes in a valve are connected 
via leads through the glass pinch to pins 
on the valve base, as noted in Chap. 1, or 
directly to a ‘top cap’. The valve is then 
connected to its external circuit by inserting 
the valve base into the appropriate valve 
holder mounted on the chassis of the equip- 
ment. A.P. 1186V gives a complete list of 
Service valves, together with the name of 
the manufacturer and the valve civilian 
equivalent. The type of base fitted to a valve 
varies considerably, and depends on a 
number of factors. It is not, therefore, 
possible to give a complete list of valve 
bases in this Publication. However, Fig. 25 
shows a few typical Service valves and the 
corresponding valve bases as viewed from 
underneath. This is in no way compre- 
hensive and the appropriate equipment Air 
Publication should be consulted for the 
valve base type and the base pin connections 
used in the equipment. 


COMPARISON OF VALVE CONSTANTS 


Table of Comparisons 


52. Table 2 shows values of the valve 
constants for a few typical Service valves. 






Application 


2°2 17 | Power amplifier 
8°5 102 | A.F. voltage amplifier 
4-5 17 | A.F. voltage amplifier 
3°75 288 | Power amplifier 
5°2 171 | Power amplifier 
7-65 7,650 | R.F. voltage amplifier 
2°2 2,750 | R.F. voltage amplifier 
1-8 4,500 | R.F. voltage amplifier 
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Fig. 25.—TYPICAL SERVICE VALVES AND VALVE BASES. 
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PART 1A, SECTION 8, CHAPTER 4 


GAS-FILLED VALVES 


Introduction 


1. The valves described in the previous 
chapters are termed ‘hard-vacuum’ or ‘hard’ 
valves. That is, the valve envelopes have 
been evacuated to such an extent that the 
effect of any remaining gas on the operation 
of the valve is negligible, and for practical 
purposes the valve electrodes function in a 
vacuum. It is possible for a hard-vacuum 
valve to become ‘soft’? with use. That is, 
gas occluded in the inner surface of the valve 
walls or in the electrodes may become 
active, or the valve seal may not be perfect 
so that the pressure inside the valve rises. 
The result is that the operation of the valve 
is affected appreciably by the gas in an 
indeterminate manner, and the valve is no 
longer reliable. One indication of this is 
a glow inside the valve at high values of 
anode voltage. 


2. ‘Gas-filled’ valves ate considered in this 
Chapter. These are valves in which gas 
is included intentionally inside the envelope 
at a pressure less than about 10 newtons/sq. 
metre. Normal atmospheric pressure 1s 
about 105 newtons/sq. metre. This amount 
of gas is enough to determine entirely the 
characteristics of the valve when ionization 
takes place. Gas-filled valves have many 
uses ranging from power rectification by 
hot-cathode mercury-vapour diodes to ex- 
tremely rapid switching by cold-cathode 
discharge valves in certain radar equip- 
ment. 


Ionization in Gases 

3. If an electron is accelerated from rest 
by a potential difference V between two 
electrodes it gains kinetic energy, 

If such an electron collides with a gas atom, 
ionization will occur, providing that the 
kinetic energy of the electron (dependent on 
V) is greater than a certain critical value. 
This value varies from one gas to another 
and is termed the ionization potential of 
the gas concerned; it is expressed in electron- 
volts. Table 1 gives the ionization potentials 
of the gases commonly used in valves. 


onization 
Potential 
(electron-volts) 


Helium 

Neon 

Argon... 
Krypton .. 
Hydrogen 
Xenon... ns 
Mercury-vapour .. 


Table |. !ONIZATION POTENTIALS OF GASES 





Hot-cathode Mercury-vapour Diode 


4. Action. The hot-cathode mercury-vapour 
diode is a diode valve containing mercury 
at a low pressure of the order of 1 newton/ 
sq. metre. Assuming that the cathode 
is heated so that electron emission is taking 
place, Fig. 1 shows that as the anode voltage 


SATURATION CURRENT 





2 SV \q Cvolts? 


Fig. |—-ANODE CHARACTERISTIC OF A 
MERCURY-VAPOUR DIODE 


is increased from zero, the anode current 
at first increases in the same manner as that 
in a hard-vacuum valve. However, when 
the voltage becomes slightly greater than the 
ionization potential of mercury vapour 
(i.e. about 15V), ionization by collision 
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begins. If external circuit conditions per- 
mit, the anode current will then increase 
to the full electron emission of the cathode 
with only a very small increase in the anode 
voltage. 


5. This behaviour results from the fact 
that the ionization of the gas causes some 
of the atoms to split up into electrons and 
relatively heavy positive ions. The released 
electrons join the stream of primary elec- 
trons and travel rapidly towards the anode 
making a slight contribution to the anode 
current. The heavier positive ions move 
towards the cathode where they encounter 
and neutralize the electron space charge, 
so that the anode current is no longer space- 
charge limited and saturation level is rapidly 
reached. 


6. In order to obtain adequate emission 
with this type of valve, it is normal to 
use oxide-coated or  thoriated-tungsten 
cathodes. When the valve is operated 
correctly, the voltage drop across it when 
it is conducting is about 15V. The velocity 
of the positive ions moving towards the 
cathode in potential gradients of this order 
is such that the cathode is not adversely 
affected. However, if the valve is over- 
run, the voltage drop across the valve when 
it is conducting increases, and at voltages 
in excess of 22V, the velocity of the positive 
ions striking the cathode is sufficient to 
cause progressive disintegration of the cathode 
emitting surface. It is, therefore, important 
that the circuit external to a gas-filled diode 
be so arranged that the anode current is 
limited to a value that is safely below the 
full electron emission of the cathode. 


7. Mercury-vapour valves do not start 
at their correct operating point if the ambient 
temperature is too low. It is only when the 
effective temperature of the mercury is 
about 40°C that the vapour pressure is 
adequate. If the pressure is too low, the 
intensity of ionization is reduced to the point 
where the space charge neutralization action 
does not occur. The voltage drop in the 
valve is then excessive and cathode dis- 
integration results. The 1.t. supply should 
therefore be applied before the h.t. in order 
to allow the valve time to reach the required 
temperature before anode current is establish- 
ed. This normally necessitates the use 
of a ‘time delay’ circuit in the h.t. supply 
(see Sect. 9). 


8. Construction. The space-charge neu- 
tralization that occurs in a mercury-vapour 
diode permits the use of electrode structures 
that would not be practical in hard-vacuum 
valves. Anode structures can be made 
small in proportion to current rating because 
the low voltage drop of the valve makes the 
power dissipation at the anode small. 
Relatively large spacing between anode 
and cathode is also permissible. The 
symbol for a hot-cathode, gas-filled diode 
is shown in Fig. 2(a), where the cross- 
hatching indicates that it contains gas, 
and Fig. 2(b) illustrates the general con- 
struction of the valve. 
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Fig. 2—MERCURY-VAPOUR DIODE 


9. In hard-vacuum valves the cathode 
emitting surface must face the other elec- 
trodes if the space charge is not to be too 
large. In a gas-filled valve the cathode 
can be designed to have a high thermal 
efficiency by enclosing or shielding the 
cathode since the positive ions penetrate 
into the cathode and neutralize the space 
charge in any case. For a directly-heated 


cathode, a wide ribbon that is crimped and 
folded to give a large emitting surface in 
a small volume is used as shown in Fig. 3(a). 
Indirectly-heated cathodes are commonly 
constructed as shown in Fig. 3(b). An 
oxide-coated inner cylinder with attached 


(a) DIRECTLY HEATED 





CYLINDER 





€b) INDIRECTLY HEATED 


Fig. 3—CATHODE CONSTRUCTION FOR A 
GAS-FILLED DIODE 


vanes is placed round the heater and acts 
as the cathode. This provides a _ large 
emitting surface in relation to the heat- 
radiating area. Surrounding the cathode 
is another nickel cylinder of high reflecting 
power to reduce the radiation of heat from 
the cathode. This type of cathode is 
known as a ‘heat-shielded’ cathode. 


10. Use. Mercury-vapour diodes are widely 
used for rectification of alternating current 
supplies where the power requirements 
are high. The current they are capable of 
supplying is much greater than that supplied 
by a hard-vacuum diode rectifier. Table 2 
gives a comparison between the two types. 


Note. Mercury vapour is not the only 
gas which may be used in hot-cathode 
diodes. Xenon-filled and argon-filled 
diodes have been successfully developed 
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and although the ionization potentials 
and the voltage drops across such valves 
are greater than those of a me 
vapour diode, the danger of failure due 
to very low or very high temperatures 
is elimated. 


Pec | 
































Filament 
oe See 
Typical hard- 
vacuum diode ...| 0.4A | 0.075A La 
Typical mercury- 
vapour diode ...) 5.0A | 1.25 7.5 _ 








Table 2, COMPARISON BETWEEN HARD-VACUUM 
AND MERCURY-VAPOUR DIODES 


Hot-cathode Gas-filled Triodes 


11. Action. The most common valve of 
this type is termed a ‘thyratron’, which 
is essentially a triode valve containing 
gas at low pressure. The contained gas 
may be mercury-vapour, helium, argon, 
hydrogen or a mixture of inert gases de- 
pending on the requirements. The thyra- 
tron grid controls the flow of electrons 
from the cathode to the anode, but only 
in the sense of an ‘on-off’ switch. If the 
grid potential is considerably more negative 
than the cut-off bias value, the anode current 
is zero. By keeping the anode voltage 
constant and gradually reducing the value 
of negative bias it is found that, at the point 
where anode current would just start to 
flow in a normal hard-vacuum triode, 
the current jumps from zero to a high 
value. If external circuit conditions permit, 
the anode current can reach saturation 
value with anode voltages as low as 15 V. 
Once anode current has been established 
by the action of the grid this electrode 
loses control and can be made much more 
negative than the cut-off value of bias 
without affecting the anode current. To 
cut off the anode current it is then necessary 
to reduce the anode voltage below the 
ionizing potential of the contained gas. 
The control grid potential merely deter- 
mines the anode voltage required to ‘strike’ 
the valve. The graph showing how the 
striking voltage is determined by the grid 
potential is shown in Fig. 4(a). Fig 4(b) 
shows the anode characteristic for a typical 
thyratron. 
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Fig. 4—-THYRATRON CHARACTERISTICS 


12. The thyratron behaviour is caused 
by the fact that, as soon as the control 
grid bias allows anode current to flow, 
positive ions are produced as a result of 
ionization by collision. Some ions are 
attracted towards the grid, surrounding it 
with a sheath of positive ions that neutralize 
the bias, so that the grid loses control. 
At the same time, other positive ions are 
attracted towards the cathode and neutralize 
the space charge. Hence, once ionization 
has started, there is no space charge to 
limit the anode current, and the control 
action of the grid has been lost. 


13. Construction. A thyratron is not con- 
structed in the same manner as a con- 
ventional hard-vacuum triode. The symbol 


for a thyratron is shown in Fig. 5(a), and 
Fig. 5(b) illustrates a typical construction. 
The cathode is a heat-shielded type as 
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| CATHODE 
56 6 Cb) 
Fig. S—THYRATRON CONSTRUCTION 


described in Para. 9. The grid is a cylinder 
surrounding the cathode and containing 
an annular disc, through the aperture of 
which the electrons pass to the cup-shaped 
anode. This construction allows the grid 
to have a very effective control over the 
anode current before ionization. 


14. Gas used. In a mercury-vapour triode 
the time lag between the application of 
a switching voltage to the control grid and 
the flow of current to the anode (the ionization 
time) may be a few micro-seconds. The 
de-ionization time (i.e. the time between 
cutting off the anode voltage and the cessation 
of anode current) will generally be several 
hundred micro-seconds. These time lags 
are due to the inertia of the gas molecules 
and they set a limit to the usefulness of a 
thyratron for rapid switching. To reduce 
the ionization and _ de-ionization times, 
thyratrons with argon or helium gas are 
used. Where very rapid switching is re- 
quired for the production of pulses, hydrogen 
thyratrons may be used, the hydrogen atom 
having a high relative mobility. The ioni- 
zation potential and the voltage drop across 
the valve are greater with these gases than 


with mercury vapour but these disadvantages 
are offset by the reduced ionization and de- 
ionization times. 


15. Uses. The thyratron may be used as a 
‘trigger’ device that has numerous important 
practical applications in control work. It 
takes little energy at the control grid to 
initiate the discharge and at the same time 
the resulting energy available at the anode 
may be very large. The thyratron is also 
used in basic ‘time-base’ circuits for cathode- 
ray tubes. 


Cold-cathode Gas-filled Diode 

16. This consists of two electrodes in a 
bulb containing an inert gas, usually neon 
or argon, at low pressure. The symbol 
is shown in Fig. 6(a). The cathode is 
unheated so that no thermionic emission 
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Fig. 6—COLD-CATHODE DISCHARGE DIODE 
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takes place. However, in any volume of 
gas there are always a few free electrons. 
As the p.d. between anode and cathode is 
increased the kinetic energy of the free 
electrons rises until a level, sufficient to 
ionize the gas, is reached. A glow then 
appears inside the valve; if the gas is neon, 
the glow is pink; if argon, blue. The striking 
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potential depends on the distance between 
the electrodes and on the pressure of the 
contained gas, but a typical figure is 120V. 
Once ionization commences, the positive 
ions bombard the cold cathode to produce 
new electrons and a large current can then 
be established in the valve. The voltage 
required to maintain this discharge is less 
than the striking voltage, so that once the 
valve has struck the voltage across it falls 
to a value known as the extinction voltage 
(typically about 80V) and then remains 
constant over a wide range of current. A 
graph relating current and voltage for a 
cold-cathode discharge diode is shown in 
Fig. 6(b). 


17. A valve of this type is used as a voltage 
stabilizer since, once it has struck, its anode- 
cathode voltage is stabilized at the value of 
the extinction voltage, provided the current 
through it is of sufficient magnitude. The 
arrangement of the valve as a voltage stabili- 
zer is shown in Fig. 7. Any change in 
the input voltage across AB produces a 
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Fig. 7—COLD CATHODE DIODE AS A VOLTAGE 
STABILIZER 


change in current through R and V, but 
no change in the voltage across CD nor in 
the current in the load resistance Ru (see 
Fig. 6(b)). Similarly, any variation in the 
load resistance Ri causes a change in the 
current in R and V but no change in the 
voltage across CD. Thus the output voltage 
across CD is stabilized by the valve V. 


18. Cold-cathode gas-filled diodes are used 
to stabilize voltages of the order of 100V, 
at different current ranges from ImA to 
200mA. For supplies of several hundreds 
of volts, three or four valves may be used in 
series. To prevent instability it is usual to 
connect each unused electrode to earth 
through a suitable resistance (Fig. 8(a)), 
to prevent the valves ‘flashing’. Flashing 
is caused by the current falling to such 
a low value that the valve ceases to conduct. 
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The anode voltage then rises to the striking 
value at which the valve reconducts and 
flashing occurs. The shunting resistances 
tend to maintain the p.d. across the valve 
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Fig. S—-STABILOVOLT 


at its stabilized value. Instead of several 
valves in series, a miulti-electrode valve, 
known as a ‘stabilovolt? (trade name), 
may be used. This contains, besides the 
anode and the cold cathode, several inter- 
mediate gridded electrodes as shown in 
Fig. 8(b). The whole envelope is filled 
with gas at low pressure and the effect is 
similar to that of having four separate 
diodes in series. The stabilovolt is generally 
constructed with all five electrodes brought 
out to terminals so that the intermediate 
stabilized values, as well as the full output, 
may be used. 


Cold-cathode Gas-filled Triodes 


19. It is sometimes necessary to arrange 
a circuit so that a ‘switch’ is closed when 
the potential across its terminals reaches a 
certain high value. This process is con- 
veniently carried out by putting a cold-cathode 


gas-filled valve between the terminals. 
When the p.d. across the valve reaches the 
value of the striking voltage the valve con- 
ducts, and while it is conducting its re- 
sistance is so low as to be considered a 
short-circuit for practical purposes. When 
the potential difference is removed the spark 
is extinguished after a period of de-ionization. 
In radar circuits, the spark in the gap between 
cathode and anode should occur at precise 
regular intervals. In the cold-cathode diode, 
the striking and extinction potentials are 
rather indeterminate and variable so that 
it is preferable to initiate the ionization by 
the use of a control electrode whose function 
is similar to that of the grid of a thyratron. 
This is obtained by the use of the cold-cathode 
gas-filled triode (sometimes called a triggered 
spark-gap) which consists of a cold cathode, 
an anode and a third electrode termed the 
trigger electrode. 


20. In the cold-cathode gas-filled triode 
the p.d. between anode and cathode necessary 
to spark the gap is much lower and the 
discharge is much more precise when 
ionization is already present. A common 
construction of a triggered spark-gap, some- 
times known by its trade name of ‘trigatron’, 
is illustrated in Fig. 9. The cathode and 
anode take the form of hemispherical caps, 
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and the trigger electrode is a wire the end 
of which protrudes through an aperture 
in the anode. The spacing between the 
anode and cathode is such that ionization 
does not occur even when the maximum 


available p.d. is applied. Ionization is 
initiated by the application of a pulse of 
high voltage to the trigger electrode. A 
resistance in series with the trigger electrode 
limits the current in this circuit so that little 
power is required for the trigger pulse. 
On the application of the trigger pulse a 
spark occurs between the trigger electrode 
and one of the main electrodes. Once the 
gas has been ionized in this way, the p.d. 
between the main electrodes is sufficient 
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to spark the main gap and the valve ‘fires’, 
its resistance falling virtually to a short- 
circuit value. The spark is extinguished, 
and the valve ceases to conduct when the 
p.d. between the two main electrodes falls 
below the ionization potential of the gas 
in the gap. This action is normally made 
repetitive and is used in the production of 
high-frequency pulses. Such systems are 
considered in Part 3 (Radar) 
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PART 1A, SECTION 8, CHAPTER 5 


CATHODE-RAY TUBES 


Introduction 


1. The cathode-ray tube (c.r.t.) is primarily 
an indicating device with a very light ‘pointer’ 
possessing no appreciable inertia; it can, 
therefore, be moved at high velocities. The 
‘pointer’ is a beam of electrons which may 
be deflected by means of electric or magnetic 
fields. Where the electron beam impinges 
on the screen of the tube, it produces a spot 
of light and as the beam is moved by the 
deflector system, a pattern is traced on the 
screen showing graphically the variations 
of the electrical input. Alternatively, the 
brightness of the spot may be varied to 
provide additional information. The c.r.t. 
has many applications, e.g. displaying cur- 
rent and voltage waveforms in the osilloscope, 
as the indicator of a radar set (see Part 3) 
or for presenting a television picture. In 
the latter case the brightness of the spot 
is varied as well as its position on the screen. 


2. The essential elements of a c.r.t. may be 
listed as follows:— 
(a) An electron gun which ‘fires’ the 
electrons at a fluorescent screen. The 
gun comprises:— 
(i) a cathode which emits the electrons; 
(ii) a modulator electrode (sometimes 
called the control electrode or grid) 
which controls the intensity of the beam 
and, therefore, the brightness of the 
spot on the screen; 
(iii) an accelerator (anode) system which 
accelerates the electrons. 
(6) A means of focusing the electrons 
so that they arrive at the screen at a 


single point. Electrostatic or magnetic 
focusing may be used. 

(c) A means of deflecting the electron 
beam. Electrostatic or magnetic deflection 
may be used. 


(d) A screen which becomes luminescent 
under the impact of the electron beam. 


All these elements are contained inside an 
evacuated glass tube which is suitably 
shaped. 


3. Cathode-ray tubes are of two main 
s:— 

(a) Electrostatic tubes, in which focusing 
and deflection are due to the action of 
electric fields. 
(b) Magnetic tubes, in which focusing and 
deflection are carried out by the action 
of magnetic fields. 


Both these types are in common use in the 
Service. However, tubes are not rigidly 
classified in this way since there are variations 
for different purposes. For instance, tubes 
using electric focusing and magnetic deflection 
may be met (see Para. 38). 


ELECTROSTATIC C.R.T. 


Construction 

4. Fig. 1 shows the schematic layout of 
a typical two-anode electrostatic c.r.t. The 
electrons are emitted from the indirectly- 
heated cathode K, the filament power being 
supplied to the heater H. The intensity of 
the beam is controlled by varying the negative 
bias on the modulator electrode M. The 





Fig. I—ELEMENTS OF A TWO-ANODE ELECTROSTATIC C.R.T. 
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electrode A, is a metal cylinder that is 
provided with centre baffles to confine 
the beam. Coaxial with this first accelerator 
or anode is a second cylinder A,, the anode 
that gives the electrons their final velocity 
in the direction of the screen. Both A, and 
A, are positive with respect to the cathode. 
Focusing of the electron beam is accom- 
plished by varying the potential of Ay. 
Because of this, A, is called the focusing 
electrode. The combination of H, K, M, 
A, and Ag, forms the electron gun. The 
plates X, X, and Y, Y, defiect the electron 
beam when a p.d. exists between the plates 
of a pair. The X plates produce horizontal 
deflection and the Y plates vertical deflection. 
The screen S is deposited on the inside 
surface of the tube face and is made of a 
material which glows when excited by 
electrons striking it. These elements of 
the electrostatic c.r.t. will now be considered 
in detail. 


5. Cathode. Fig. 2 shows a typical cathode 
designed for use in a c.r.t. It consists of a 


S 





Fig. 2—TYPICAL C.R.T. CATHODE 


small capped cylinder C of sheet nickel. 
The cap is coated with emitting material E 
(barium or strontium oxide) and the cathode 
is heated by a non-inductive insulated 
filament wire H inside the cylinder. The 
cathode is sometimes surrounded by a cylinder 
S which acts as a heat shield. 


6. Modulator electrode. This consists of 
a cylinder concentric with the cathode as 
shown in Fig. 3, one end having a small 
hole through which the electrons pass. A 
variable potential, negative with respect 
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Fig. 3—-MODULATOR ELECTRODE STRUCTURE 


to the cathode, is applied to the modulator 
electrode and this has two functions :— 


(a) It tends to concentrate the electrons 
leaving the cathode into a narrow beam, 
thus assisting in the focusing action. 


(6) It controls the magnitude of the beam 
current (of the order of 30 to 300A) 
and thus the brilliance of the spot on the 
screen. The potentiometer used to adjust 
the negative potential on the modulator 
electrode is termed the “brillance’’ control 
(also called “brightness” or ‘“‘intensity” 
control). If the negative bias voltage 
is increased sufficiently, the beam current 
will reach its cut-off value and the spot 
on the screen will “‘black out’. Some 
c.1r.ts use “intensity modulation’? where 
the signal to be examined is applied to 
the modulator electrode to control the 
brilliance of the spot. 


7, Anode structure. Fig. 4 shows the arrange- 
ment of a typical two-anode structure for 
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Fig. 4—-TYPICAL TWO-ANODE STRUCTURE 


a cs.t. The second anode is normally 
held at a high positive potential with respect 
to the cathode, its function being to accelerate 
the electrons to a high velocity. The po- 
tential of the first anode is normally con- 
siderably lower and may be varied by the 
“focus” control. The resultant variation in 
the electrostatic field between the first and 
second anodes, and between the first anode 
and the modulator electrode gives a variation 
in the focus of the beam at the screen (see 
Para. 14). The two-anode arrangement 
suffers from the disadvantage that the 
focus and brilliance controls are not indepen- 
dent. The voltage on the first anode affects 
the beam current and hence the brilliance 
as well as the focus, while adjustment of the 
modulator electrode potential affects the 
focus as well as the beam current. This 
disadvantage is overcome in the three-anode 
structure. 


8. Fig. 5 shows the arrangement of a typical 
three-anode structure. In this arrangement 
the first and third anode potentials are 
fixed and the focus is adjusted by altering 


3rd. ANODE 





the potential on the second anode. Owing 
to the screening effect of the first anode at a 
fixed potential, interaction of the focus 
and brilliance controls is practically neg- 
ligible. 


9. Deflector plates. These are the plates 
X, X, and Y, Y, mutually at right angles 
as shown in Fig. 1. Deflection is caused by 
applying suitable voltages to the respective 
pairs of plates (see Para. 16). The pair 
of plates nearer the final anode is always 
termed the Y plates irrespective of the 
orientation of the tube. But in general 
the Y plates deflect the beam vertically, 
while horizontal deflection is given by the 
X plates. The deflector plates are nor- 
mally shaped as shown in Fig. 6, so that 
the beam does not strike them when the 
deflection is large. 
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Fig. 6—DEFLECTOR PLATES 


10. The screen. Many substances are 
fluorescent; that is, they have the property 
of emitting light when subjected to electron 
bombardment. However, the intensity and 
the colour of the light emitted varies from 
substance to substance. All fluorescent 
materials continue to emit light for some 
time after the electron bombardment has 
ceased; this is known as ‘after-glow’, and 
its duration varies with different substances 
from a few micro-seconds to many seconds. 
In some applications, it is an advantage 
for a c.r.t. to have a long after-glow (e.g. 
plan position indicators in some radar 
systems). The material used for the screen 
is sprayed on to the inside of the tube face. 
Normally, a material emitting a high intensity 
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of light has a short after-glow. To com- 
bine long after-glow with brightness, two 
fluorescent layers are used; the first gives 
an intense response of short duration; the 
second, a long after-glow. Suitable light 
filters may then be used to mask the in- 
Stantaneous response. 


11. Some modern c.r.t.s have a very thin 
film of alumium (4 x 10° inches) deposited 
over the inside surface of the fluorescent 
screen. The advantages obtained by 
‘aluminizing’ the screen are:— 
(a) Light that wouid otherwise be emitted 
by the screen backwards into the tube, 
is reflected by the aluminium film to 
increase the light output of the tube. 


(b) Negative ions, released by electrons 
bombarding any gas atoms remaining 
inside the valve, are accelerated towards 
the screen along with the electrons. 
In view of their large mass in relation to 
that of an electron, considerable damage 
may be caused to the fluorescent material 
by ion bombardment and an ‘ion burn’ 
results. This is a bare patch on the screen 
from which no light can be emitted. The 
aluminium film prevents this from occur- 
ring, since the ions cannot penetrate the film, 
although the electrons continue to pass 
through easily and reach the fluorescent 
screen. 


12. Aquadag. This is a conductive graphite 
coating extending up inside the neck of the 
tube almost to the screen. It is connected 
to the final anode by a spring contact and 
attracts the secondary electrons emitted 
from the screen due to bombardment by the 
beam. The secondary electrons are then 
returned to the cathode via the power 
supply, so that a complete circuit for the 
beam current is established. If the aquadag 
were absent the screen would become nega- 
tively charged and would tend to repel the 
electron beam. The aquadag coating also 
acts as an electrostatic screen which shields 
the beam from stray electric fields. Cathode- 
ray tubes are often shielded from stray 
magnetic fields by an external mu-metal 
shield surrounding the whole tube. The 
constructional details of a typical three- 
anode electrostatic c.r.t. are shown in Fig. 7. 


13. Ion trap. As noted in Para. 11(b), 
negative ions produced by collision between 
the primary electrons and gas atoms may 
cause considerable damage to the screen, 
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Fig. 7—TYPICAL THREE-ANODE ELECTROSTATIC C.R.T. 


resulting in an ion burn. An aluminized 
screen. will reduce the danger to a limited 
extent, but a much more effective method 
is the use of an ion trap. The electron gun 
is bent as shown in Fig. 8 and a small magnetic 


Fig. 8—SIMPLE ION TRAP 


deflecting coil M is placed round the neck 
of the tube. The magnetic field produced by 
the current in this coil results in considerable 
deflection of the electrons which accelerate 
to strike the screen. The negative ions, 
of greater mass, are not deflected to the same 
extent and they strike the anodes A, and Ag 
where they are neutralized. In some tubes 
a permanent magnet is used in lieu of the 
small deflecting coil M of Fig. 8. 


Electrostatic Focusing 


14. In Fig. 9 the broken lines represent 
the lines of electric force between the ends 
of two cylindrical anodes A, and A,, when 
A, is at a higher potential than A,;. An 





Fig. 9—TWO-ANODE ELECTROSTATIC FOCUSING 


electron emitted from the centre of the 
cathode and accelerated along the path 
AB is unaffected by the electric field between 
the anodes. However, an electron which 
deviates from the central beam and moves 
along the path CD comes under the influence 
of the electric field. The electron at D 
is acted on by a force tending to move it 
towards the axis, and this converging force 
continues until the electron has crossed the 
plane XY midway between the two anodes, 
so that the electron follows the path CDE. 


CATHODE-RAY TUBES 


On the right-hand side of the plane XY the 
force acting on the electron tends to move 
it away from the axis and the path diverges 
along EFG. The deflection actually pro- 
duced depends upon the time spent by 
the electron in the electric field. Since 
the potential of A, is greater than that of 
A, the electron velocity is continually in- 
creasing, so that the time spent by the electron 
in the converging field is greater than that 
in the diverging field. Hence, the overall 
effect is to cause the beam to converge on 
the axis of the tube so condensing the beam. 
By suitable adjustment of the potentials of 
A, and A, the beam can be made to con- 
verge at a single point on the screen and 
correct focusing has been achieved. 


15. Fig. 10 shows the complete focusing 
system in a three-anode electrostatic tube. 
The electric field between the modulator 





CROSS-OVER POINT 
Fig. 1O—THREE-ANODE ELECTROSTATIC 
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electrode and the first anode is such that 
the electron beam converges and meets 
at a point, known as the ‘cross-over’ point 
between these two electrodes. The beam 
is diverging as it enters the anode structure 
where focusing action occurs as explained 
in the preceding paragraph. The potential 
of the second anode is made variable so that 
the complex electric field in the anode struc- 
ture may be adjusted to cause the beam to 
focus at the screen. 


Electrostatic Deflection 


16. In the electrostatic method of de- 
flection, two pairs of plates are arranged 
as shown in Fig. 11. To produce vertical 
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Fig. |1I—ELECTROSTATIC DEFLECTION 
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deflection of the beam a p.d. is applied 
across the Y plates. The beam is then 
acted upon by the electric field between 
the plates so that it is attracted towards that 
plate which is positive and repelled from the 
negative plate. Thus, the spot of light 
on the screen will change its position in a 
vertical plane. Horizontal defiection is ob- 
tained by applying a voltage across the 
X plates. 


17. From Fig. 12 it may be seen that the 
defiection of the spot on the screen increases 
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Fig. 12-—-FACTORS AFFECTING DEFLECTION 
SENSITIVITY 
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(a) the distance d between the midpoint 
of the deflector plates and the screen 
is increased; 


(6) the length / of the deflector plates is 
increased (since the electrons then spend 
a longer time in the deflecting field); 


{c) the spacing s between the plates is 
decreased (since the field strength between 
the plates is then increased); 


{d) the deflection voltage V, is increased; 


(e) the potential V, of the final anode is 
decreased (since the resultant decrease 
in electron velocity causes the electron 


to spend a longer time in the deflecting 
field). 


The deflection D at the screen is, in fact, 


div 
given by:—D = rs Vv. mm.—(1) 


18. Deflection sensitivity. This is the de- 
flection produced at the screen by a p.d. 
of one volt between the deflector plates for 
a given potential of the final anode. It is 
normally quoted as:— 


7 mm./defiection volt, 


where x is a factor depending on the 
tube, and V, is the voltage of the final anode. 
For a typical c.r.t. x may be 730. For a 
final anode voltage of 2,000 V, the defiection 
sensitivity then is:— 
5600 = 0.365 mm./defiection volt. 


Typical values range from 0.1 mm. to 0.5 
mm./deflection volt. 


19. Since the waveform to be examined 
is normally applied to the Y plates, these are 
further from the screen than the X plates. 
From equation (1) it is seen that the increase 
in d then gives a larger deflection at the 
screen for a given deflection voltage than 
that given by the X plates and this is the 
required condition. 


Post-deflection Acceleration 


20. To improve deflection sensitivity, tubes 
are sometimes used in which a large part - 
of the acceleration of the electrons takes 
place after they have been defiected. The 
final anode is held at a relatively low potential 
(positive with respect to the cathode) so 
that deflection occurs when the electrons are 
travelling at a low velocity, and deflection 
sensitivity is thereby improved. The neces- 
sary acceleration is provided by using an 
additional accelerator. This is in the form 
of a narrow band of graphite placed round 
the inside of the tube between the screen 
and the main aquadag coating (Fig. 13). 
The post-defiection accelerator, as it is 
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Fig. 13-——-POST-DEFLECTION ACCELERATOR 


called, is connected to an external pin on 
the glass envelope and the required potential 
is applied to this pin. In a typical system, 
the cathode is at—1.5 kV, the final anode 
is at earth, and the post-deflection accelerator 
is at + 1.5 kV. 


Double-beam Tubes 


21. This is a c.r.t. of special construction 
in which the beam, after leaving the final 
anode A,, impinges on the edge of a splitting 
plate C placed midway between the Y 
plates (Fig. 14). The beam is thus split 
into two sections, each of which may be 
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Fig. 14—DOUBLE-BEAM C.R.T. 


deflected almost independently in the Y- 
plane by voltages applied between Y,, and 
C and between Y, and C. Both beams 
are then equally affected by the X plates. 
This type of c.r.t. is of particular use in an 
‘oscilloscope’ when it is desired to compare 
two waveforms simultaneously. It is pos- 
sible by the use of external circuits to pro- 
duce a double trace on an ordinary c.r.t. 
The spot is switched rapidly from one trace 
to the other by a switching voltage applied 
to conventional plates, and the two signals 
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to be examined are switched on to the 
traces in synchronism. 


Power Supplies 


22. Fig. 15 shows a typical arrangement 
for applying the required potentials to 
the electrodes of an _ electrostatic c.r.t. 
The voltage supply is normally obtained 
from a half-wave rectifier circuit (see Sect. 
9), and since the supply is greater than the 
usual h.t. supply to an equipment, it is 
termed ‘extra high tension’ (e.h.t.). For 
oscilloscope work it is common practice 
to earth the final anode. Since the potential 
of the deflector plates is of the same order 
as that of the final anode, the external 
connections to the X and Y plates may 
then be made without danger of electric 
shock. These potentials are, of course, 
still positive with respect to the cathode, 
which in Fig. 15, is held at a potential 
of —1.48 kV. 


Shift Voltages 


23. Shift controls are provided to enable 
the spot to be moved anywhere on the screen. 
This is done by applying balanced shift 
voltages to the deflector plates by means of 
potentiometers which are inserted across a 
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Fig. IS—C.R.T. E.H.T. NETWORK 
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section of the supply bleeder network as 
shown in Fig. 16. R, and R, are potentio- 
meters of equal value, so ganged that when 
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Fig. 16—SHIFT CONTROLS 


R, increases in value, R, decreases and 
vice versa. R, and R, are equal resistors 
of high value inserted in the bleeder network. 
Their junction is earthed to ensure that the 
shift voltages are balanced with respect to 
earth. The mean potential of the deflector 
plates is then the same as that of the final 
anode irrespective of shift. C, and C, 
are by-pass capacitors which ensure a steady 
d.c. shift voltage. 


Time-bases 


24. To study voltage waveforms on a c.r.t. 
a uniformly-changing deflection voltage is 
applied to the X plates, while the waveform 
to be studied is applied to the Y plates. 
The voltage applied to the X plates should 
change linearly and at the end of the ‘sweep’ 
the original conditions (determined by the 
shift controls) should be quickly restored; 
that is, the ‘fly-back’ should be rapid. 
Such a variation, known as a sawtooth 
waveform, is shown in Fig. 17. The effect 
of applying this voltage to the X plates is 
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Fig.17 —SAWTOOTH VOLTAGE WAVEFORM 


to cause the electron spot on the screen 
to move horizontally at a constant speed 
and to fly back rapidly to its starting point, 
repeating the process at anything from a 
few c/s to several hundred kc/s. Provided 
the movement of the spot across the screen 
is sufficiently fast it appears as a continuous 
line of light which is variously described 
as the time-base, the scan_or the trace. 
The apparatus for producinf the necessary 
voltage or current for establishing the time- 
base is termed the time-base generator, 
circuits for which are discussed in Section 
18BK.3.(Radio Measurements).The voltage 
to be examinéd is applied to the Y plates 
so that vertical and horizontal deflection 
occur simultaneously. If the time-base fre- 
quency is synchronized with that of the 
signal (i.c., at the same frequency as, or 
an integral part of, the signal frequency) 
the signal waveform will appear to be 
Stationary on the screen. 


Distortion 


25. Distortion in an _ electrostatic c.r.t. 
arises from mechanical or electrical causes, 
and may take several forms. The three 
main types of distortion are discussed in the 
following paragraphs. 


26. Trapezium distortion. This form of 
distortion occurs when unbalanced (asym- 
metrical) deflection is used. The deflection 
produted by one pair of plates is affected 
by an alteration in the mean potential of 
the other. The mean potential of both 
pairs of plates should be the same as that of 
the final anode. If, however, X, is earthed 
(i.e. held at the final anode potential) and 
X, made positive with respect to it, the 
beam will be deflected to the right. At the 
same time the mean potential of the plates 
rises above that of the final anode. Thus, 
the velocity of the electrons increases so 
that the deflection produced by the Y plates 
for a given deflection voltage decreases, 
and a short trace CD results (Fig. 18). 
Conversely, if X, is made negative with 
respect to X,, the decrease in electron 
velocity increases the Y plate deflection 
sensitivity, and a long trace EF results. 
Trapezium distortion is so named because 
of its effect on what would otherwise be 
@ square or rectangular frame on the screen. 
The Y plates have a similar effect on the 
deflection sensitivity of the X plates. If 
symmetrical deflection voltages are applied, 
trapezium distortion. will be reduced. For 


example, instead of applying +10V_ on 
one plate of the pair with the other earthed, 
+5V may be applied to one and —5V to 
the other. The deflection will be the same, 
but the mean potential of the plates will 
be constant at that of the final anode. 
Other methods of minimizing trapezium 
distortion include:— 
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Fig. IS—TRAPEZIUM DISTORTION 


(a) Curving the plates to produce counter- 
distortion (Fig. 19(a)). 

(b) Cutting part of the X plates away 
and inserting an earthed screen S between 
the X and the Y plates. (Fig. 19(b)); 
the electric field is then such that trapezium 
distortion is neutralized. 
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Fig. IS—COUNTERING TRAPEZIUM 
DISTORTION 


27. Deflection defocusing. This form of 
distortion occurs when asymmetrical de- 
flection is used. The velocity of the elec- 
trons in the region of the deflection system 


CATHODE-RAY TUBES 


depends upon the p.d. between the deflection 
system and the cathode. If this p.d. 
varies, the variation in the velocity of the 
electrons will move the focal point of the 
beam at the screen. If asymmetrical voltages 
are applied to the deflector plates, the mean 
potential of the deflection system does not 
remain constant and defocusing may occur. 
Thus, if the focus is correctly adjusted at 
the centre of the screen when there is no 
deflection voltage, the application of a 
deflection voltage will cause the spot to 
move and at the same time alter the velocity 
of the electrons in the beam. The result 
is that the focus deteriorates as the deflection 
voltage and the distance from the centre 
of the screen increase, as shown in Fig. 20. 
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Fig. 20—DEFLECTION DEFOCUS 


The term ‘deflection defocus’ is obvious 
from the figure. It may be avoided by the 
use of symmetrical deflection voltages. 


28. Astigmatism. This is a defect in a 
c.r.t. which is the result of the production 
cf -1 electron beam having different focal 
points in the horizontal and vertical planes, 
so that a well defined spot of light cannot be 
obtained. The most likely causes are in- 
teraction between the deflecting and focusing 
fields and misalignment of the electrode 
system. If the screen is placed at position 
1 in Fig. 21, the display is a horizontal line 
as shown at (a). If placed at position 
3, a vertical line results as at (c). At position 
2, an ill-defined patch of light, known as the 
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‘circle of least confusion’ is produced as 
at (b). Alternauively if the position of 
the screen is fixed and the focus control 
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of the tube is altered the display on the screen 
will pass from (a) through (b) to (c). Where 
a c.r.t. suffers from astigmatism it is usual 
to adjust the focus control to give (b). 
Astigmatism may be corrected by having 
the mean potential of each pair of deflector 
plates separately adjustable to a_ value 
different from that of the final anode by 
means of a ‘stig’? control which must be 
independent of shift controls as shown in 


SIMILAR ARRANGEMENT 


EHI+ FOR X PLATES 





% REMAIND 
OF BLEEDER NETWORK 
AND EHT- 


ER 


Fig. 22—‘STIG’ CONTROL 


Fig. 22. The ‘stig’ controls are ganged 
so that one resistance increases in value 
as the other decreases. The p.d. across 
the shift network thus remains constant 
although its mean value about earth is 
altered. Such an arrangement introduces 
deliberate distortion in the electric field 
between the electrodes, thereby neutralizing 
astigmatism. 


MAGNETIC C.R.T. 


Construction 


29. The magnetic c.r.t. differs from the 
electrostatic type in that the focusing and 
defiection of the beam are accomplished 
by means of magnetic fields and so the 
construction of the tube is simpler. The 
electron gun has one anode only, in some 
cases the anode being the aquadag coating. 
The neck of the tube is narrow since the 
focusing and deflector coils (which take 
the place of the focusing anode structure 
and the deflector plates respectively of an 
electrostatic tube) are mounted outside the 
tube round the neck. The arrangement 
is shown in Fig. 23. 
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Fig. 23—MAGNETIC C.R.T. 


Magnetic Focusing 


30. This is carried out by a coil wound 
coaxial with the neck of the tube in the position 
shown approximately in Fig. 23. The coil 
is enclosed by a case of magnetic material 
which has an annular ring on the inside, 
and is so shaped that when direct current 
is passed through the coil, the resultant 
magnetic field has its main component 
parallel with the axis of the tube as shown 
in Fig. 24(a). Consequently, only those 
electrons which are deviating from the axis 
will be affected by the field. 


31. Electron a in Fig. 24(a) passes through a 
field which is at all times parallel to its 
path PQ and it is therefore unaffected by 
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Fig. 24—MAGNETIC FOCUSING 


the field. Electron 5, travelling at velocity u, 
enters the magnetic field at an angle @ to 
the axis. By vector resolution, this electron 
can be shown to have two components of 
velocity; one, u cos 6 el to the axis, 
and the other, u sin 6 at right angles to the 
axis as shown in Fig. 24(b). The magnetic 
field has no effect on the component u cos 
§ parallel to its axis but by Fleming’s left- 
hand rule (and remembering that a moving 
electron is equivalent to a current in the 
reverse direction), it is seen that a force acts 
on the electron at right angles to both the 
component u sin 9 and the axis of the field 
(Fig. 24(c)). Thus electron b in Fig. 24(a) 
is deflected initially in a direction ‘out. of 
the paper’ and given a radial motion. At 
the same time it has a high forward velocity 
ucos §. The radial motion of the electron 
in conjunction with the axial velocity causes 
a combination of forces to act on the electron 
in such a manner that it is given a converging 
spiral path towards the axis. Similarly, 
electron c is given a radial motion in a direc- 
ion initially ‘into the paper’ and follows a 
similar path towards the axis. 


CATHODE-Ray TUBES 


32. In practice, only a short focus coil is 
used it is arranged that the electrons, 
after describing a portion of a spiral within 
the magnetic field, leave the field moving 
inwards towards the axis again. The angle 
at which each electron converges is pro- 
portional to the angle at which it was origi- 
nally diverging. Consequently all the elec- 
trons tend to come together at one point 
on the axis. By correctly adjusting the 
magnitude of the current in the focus coil 
and also the position of the coil on the 
neck of the tube, the focal point may be 
made to lie on the screen, giving a sharp 
spot of light. Fig. 25(a) shows the paths 
taken by the electrons, looking from the 
screen towards the cathode, when the focus 
is correctly adjusted. Fig. 25(b) shows 
the condition when the focusing field is too 
weak, and Fig. 25(c) when the field is too 
strong. 
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Fig. 25-—-EFFECT OF VARYING FOCUSING FIELD 


Magnetic Deflection 

33. Fig. 26 shows two coils connected 
in series and placed between the focus 
coil and the screen with their axes per- 
pendicular to the axis of the tube. A current 
passed through these coils will produce a 
magnetic field across the neck of the tube 
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Fig. 26—MAGNETIC DEFLECTION 
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as shown. A beam of electrons travelling 
up the tube in a direction ‘out of the paper’ 
will, by Fleming’s left-hand rule, be deflected 
to the right by an amount proportional 
to the intensity of the field. By reversing 
the direction of the deflection current in 
the coils, the direction of deflection is 
reversed. Thus, if any current waveform 
is passed through the coils the deflection 
of the spot will follow this waveform. 


34. The coils used in practice to produce 
the deflecting magnetic field are generally 
wound on a rectangular former and then 
bent round the neck of the tube so that the 
horizontal sides of the coils almost touch. 
In this way a more uniform magnetic field 
is obtained. Fig. 27 shows a pair of coils 
used for horizontal (X) deflection. The coils 
for vertical deflection will be similar, placed 
on top of the X coils and at an angle of 
90° to them. 


X DEFLECTING Colt 





35. From Fig. 28 it may be seen that, 
with magnetic deflection, the deflection of 
the spot on the screen increases as :— 
(a) the distance d between the midpoint 
of the deflector coils and the screen is 
increased; 
(6) the length 7 of the deflector coils is 
increased (since the electrons will then spend 
a longer time in the deflecting field); 


(c) the value of the magnetic flux density 
B is increased, by increasing the current 
in the coils; 


(d) the final anode voltage V, is decreased 
(since the resultant decrease in electron 
velocity causes the electrons to spend a 
longer time in the deflecting field). 
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Fig. 28—DEFLECTION SENSITIVITY 
The deflection D at the screen, is in fact, 
given by:— 
(2) 


The deflection sensitivity of a magnetic 
tube is the deflection produced at the screen 
by a current of 1 mA in the deflector coils. 





Comparison of Magnetic and Elec- 
trostatic Tubes 


36. Advantages of magnetic c.r.t. 


(a) The construction is simpler than that 
of an electrostatic tube. 


(b) The beam current may be higher, 
resulting in a brighter spot on the screen, 
since :-— 
(i) the cross-sectional area of the beam 
and (hence the number of electrons 
in the beam) is not confined by anode 
structures or deflector plates as in an 
electrostatic tube: 
(ii) the deflection sensitivity is inversely 
proportional to +/V, and not V, as in 
an electrostatic tube (compare equations 
(1) and (2)). Thus much higher anode 
voltages may be applied without loss of 
sensitivity so that the display on the 
screen will be brighter. 
(c) Magnetic deflection is usually more 
suitable for radial deflection and polar 
representations on the screen. The coils 
may be made to rotate about the axis 
of the tube where the frequency of ro- 
tation required is not too high. 


37. Disadvantages of magnetic c.r.t. 


(a) Considerable power is dissipated in 
see resistance of the focusing and deflector 
coils. 


(b) Because of the inductance of the 
deflector coils it is more difficult for 
associated valve circuits to produce the 
necessary current waveforms for magnetic 
deflection than it is to produce voltage 
waveforms for electrostatic deflection. 


(c) The practical upper frequency limit 
for magnetic deflection is of the order of 
10 kc/s. Electrostatic deflection may be 
used up to frequencies as high as several 
hundred ke/s. 


Electrostatic Focusing with Magnetic 
Deflection 


38. This system uses a tube which re- 
sembles an electrostatic c.r.t., but it has 
a defiector coil assembly mounted round 
the neck between the focusing anodes and 
the screen instead of deflector plates. With 
this system, advantages (b) and (c) are 
retained, while disadvantage (a) is reduced. 


Distortion in Magnetic Tubes 


39. The magnetic c.r.t. does not suffer 
from trapezium distortion or deflection 
defocus, and astigmatism can usually be 
avoided by correctly adjusting the position 
of the focus coil. Distortion may arise 
however, if the deflecting magnetic field 
is not uniform over the area through which 
the beam passes. This necessitates careful 
coil design. 


CATHODE-RAY TUBES 


Shift Controls in Magnetic Tubes 


40. These are provided to enable the spot 
to be moved anywhere on the screen. It 
is done by passing a direct current through 
the deflector coils from a shift voltage supply 
as shown in Fig. 29. The current is varied 
by the shift control, and since a similar 
arrangement applies to the other pair of 
deflector coils, the requirement for shift 
is met. 
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Fig. 29—MAGNETIC C.R.T. SHIFT CONTROL 


Time-bases for Magnetic Tubes 


41. As for the electrostatic c.r.t., the 
magnetic type may be required to give 
a horizontal trace, known as the time-base. 
Para. 23 shows that to provide this time-base 
on an electrostatic tube a sawtooth voltage 
waveform is applied to the X deflector 
plates. Since in a magnetic tube, the de- 
flecting field is proportional to the current 
in the deflector coils, a sawtooth current 
waveform is applied to the X deflector 
coils. The methods used for producing 
such current waveforms are dealt with in 
Part 3 (Radar). 


SECTION 8 
CHAPTER 6 
PHOTO-ELECTRIC DEVICES 


Introduction et 
Vacuum Photo-emissive Cells 
Gas-filled Photo-emissive Cells 
Photo-multiplier Cells 
Photo-conductive Cells 
Photo-voltaic Cells 


A.P. 3302, PART 1 


PART 1A, SECTION 8, CHAPTER 6 


PHOTO-ELECTRIC DEVICES 


Introduction 

1. Photo-electric devices or photocells are 
devices the electrical properties of which 
undergo a change when they are exposed 
to light. There are three types of photocell, 
which differ according to the effect that light 
has on their properties :— 


(a) Photo-emissive cell. Light causes the 
emission of electrons from the prepared 
surface of a cathode. 


(5) Photo-conductive cell. Light alters 
the resistance of the material on which 
it falis. 


(c) Photo-voltaic cell. Light produces an 
e.m.f. across the cell. 


Vacuum Photo-emissive Cells 


2. Construction. Fig. 1(a) shows the sym- 
bol for a photo-emissive cell, while (b) 
shows a method of construction used for a 
typical cell. In (b), the cathode consists 
of a semi-cylindrical metal plate the concave 
surface of which is coated with the photo- 
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Fig. I—-PHOTO-EMISSIVE CELL 


emissive material. The anode, which must 
occupy little space if it is not to obstruct 
the light falling on the cathode, is a thin 
vertical rod mounted at the centre as shown. 


3. Photo-emissive materials. Light is eiec- 
tromagnetic in nature and the frequency 
or wavelength of the light determines its 
colour. The wavelength of light is measured 
in Angstrom units (A), where 1A = 10° 
cm. The range of light wavelengths over 
which a photocell gives maximum response 
is determined by the material of which 
the cathode is constructed. Fig. 2 compares 
the response of typical materials to different 
wavelengths, the intensity of the light re- 
maining constant. The caesium-antimony 
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Fig. 2—RESPONSES OF PHOTO-EMISSIVE 
CATHODES 


type of cathode has its maximum sensitivity 
in the visible portion of the spectrum and 
is most sensitive to blue light. The caesium- 
silver cathode has maximum response in 
the near infra-red portion of the spectrum, 
while the calcium-sulphide cathode covers 
the entire visible spectrum and extends into 
the near infra-red. The type of cathode 
used in the photoceil depends on the wave- 
length of the light at which it is required 
to be used. 
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4. Action. When a photo-emissive cell is 
exposed to light of sufficient intensity and 
of a wavelength suitable for the cathode 
material used, the energy imparted to the 
electrons by the light is sufficient to enable 
them to overcome the surface barrier at 
the cathode and electron emission is achieved. 
By making the anode positive with respect 
to the cathode the emitted electrons are drawn 
towards the anode and a _ photo-electric 
current is established. The characteristic 
curve showing the variation of the anode cur- 
rent I, with the anode voltageV, is as shown 
in Fig. 3; in this graph, both the intensity 
and the wavelength of the light are assumed 
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Fig. 3—-PHOTOCELL CHARACTERISTIC 


constant. Ata small positive value of anode 
voltage (generally around 20V) all the elec- 
trons being emitted by the cathode reach 
the anode and the valve saturates. 


5. The saturation current of a photocell 
is a measure of the light intensity. Intensity 
is measured in ‘/umens’, where one lumen 
is the light energy falling on one square 
inch of surface at a distance of one inch 
from a standard candle. Fig. 4(a) shows 
how the saturation current increases with 
the intensity of the light. Fig. 4(b) shows 
the relationship between the anode current 
and the light intensity for a constant (satu- 
ration) value of anode voltage. This gives 
the condition under which the photo- 
emissive cell is normally used. That is, 
the anode voltage is maintained at a constant 
value of, say, 20V and the anode current 
is then proportional to the light intensity. 
A basic photometer may be obtained by 
arranging to measure this current. Photo- 
emissive cells are also used to control the 
operation of relays in certain radio equipment. 
Consider the circuit shown in Fig. 5. The 
photocell, when not illuminated, is in 
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Fig. 4—VARIATION OF PHOTO-CURRENT WITH 
LIGHT INTENSITY 


effect an open circuit so that no current 
is established in R,. The grid of the triode 
is thus held at h.t. negative potential and 
the cathode potential is adjusted so that the 
bias between grid and cathode is sufficient 
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Fig. 5—USE OF PHOTOCELL TO OPERATE RELAY 


to cut off the triode. No current flows 
through the triode and the relay is, therefore, 
de-energised. When the photocell is illu- 
minated, the resultant photo-current estab- 
lishes a voltage drop in R,, raising the poten- 


tial, of the grid and causing the triode to 
cut on, energising the relay. 


Gas-filled Photo-emissive Cells 


. The maximum photo-electric current 
obtainable from a vacuum photocell is of 
the order of 50zA/lumen. For many pur- 
poses this small current is mconvenient. 
To increase the sensitivity, cells are made 
which contain a smail quantity of argon 
gas. The voltage between anode and cathode 
is then adjusted so that the photo-electrons, 
emitted by the action of the light, produce 
ionization by collision with the gas atoms. 
The total current arriving at the anode may 
then be many times greater than the primary 
photo-electric current. The value of the 
current for a given light intensity is, however, 
influenced by the anode potential to a far 
greater extent than that in the vacuum 
photocell. This is shown in Fig. 6. When 
the anode voltage exceeds the ionization 
potential of the gas, the current increases 
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rapidly, and an amplication factor of 10 
may be obtained by using the cell at a 
sufficiently high voltage. There is a limit 
to the amplification which may be obtained, 
for if the voltage is increased sufficiently 
a self-sustained cold-cathode discharge occurs 
and the current is then independent of the 
light intensity. Therefore in practice, vol- 
tages between 90V and 200V are generally 
used in gas-filled photocells. In addition 
the upper frequency limit is of the order of 
10 kc/s because of the inertia of the gas 
ions. 


Photo-multiplier Cells 


7. An alternative method of directly ampli- 
fying the photo-electric emission from a 


PHOTO-ELECTRIC DEVICES 


cathode is based upon the secondary emission 
effect, which permits amplification of the 
electron current within the cell itself by 
electronic multiplication. Such a device 
is known as a photo-multiplier. 


8. When primary electrons strike a target, 
secondary electrons may be liberated. The 
average number of secondary electrons 
released by each primary electron is called 
the secondary emission coefficient and may 
be as high as 4 or 5. It depends on:— 
(a) the energy of the primary electrons; 
(6) the material of which the target (or 
“dynode’) is constructed; a dynode is an 
electrode, the chief function of which 
is to emit secondary electrons; 


(c) the angle of incidence of the primary 
electrons. 


9. The principles involved in the operation 
of a basic photo-multiplier are illustrated 
in Fig. 7. The dynodes A, B, C and D, 
and the anode E, are at successively higher 
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potentials, positive with respect to the cathode. 
The primary electron stream is directed 
from the cathode to A, where secondary 
emission occurs. The increased electron 
stream from A is then accelerated towards 
B, where further secondary emission takes 
place. The process is repeated between 
B and C, and between C and D, the electron 
stream increasing at each stage. Finally, 
the secondary electrons produced at D are 
collected by the anode E to establish the 
anode current. The amplification of such 
an arrangement is high. If the secondary 
emission coefficient is K and the number 
of dynodes n, the overall amplification is 
given by K". 


10. The simplified arrangement shown in 
Fig. 7 would be of little practical use since 
the dynodes must not only have a high 
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secondary emission coefficient, but some 
means must be provided to focus the electron 
stream on to each dynode inturn. A variety 
of methceds, employing magnetic and elec- 
trostatic focusing are in general use. Fig. 8 
shows a typical nine-stage photo-multiplier 
with electrostatic focusing, sometimes known 
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as a ‘zig-zag’ multiplier. Focusing of the 
electron stream is achieved by a geometrical 
afrangement of specially shaped dynodes, 
their potentiais increasing in equal steps 
above the cathode potential. The effect 
of the electrode shape and the resultant 
electrostatic field is to guide the electrons 
emitted from the photo-cathode 0 to the 
first dynode 1, so that they impinge at the 
optimum angle for maximum secondary 
emission. The electrons emitted from 
dynode 1 are then guided to dynode 2, the 
process being repeated in a zig-zag manner 
until the electrons reach the anode 10. 
This system gives a gain of 100,000 using 2 
final anode-cathode potential of 1,000V. 


Photo-conductive Celis 


11. When light falis on certain semi- 
conductors (see Chap. 7) electrons are 
released from their orbits inside the material 
because of the additional energy imparted 
to them arid the number of ‘free’ electrons 
available is increased, thus reducing the 
resistance of the surface layer. This effect 
is negligible in conductor materials because 
of the very large number of free electrons 
already available. The photo-conductive effect 
may be used to detect and measure light 


by embodying the semi-conductor in a 
suitable circuit. 


12. Fig. 9(a) shows the symbol for a photo- 
conductive cell. The elements of a typical 


cell are shown in Fig. 9(b). A thin coating 
of a chemically inactive metal (e.g., gold) 
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Fig. 9—PHOTO-CONDUCTIVE CELL 


is deposited on a glass base and is divided 
into two separate electrodes by etching a 
narrow gap through the metal film to the 
glass. A thin layer of semi-conductor mater- 
ial is then deposited in the gap. A trans- 
parent envelope is generally used to enclose 
the cell, so that light falling on the envelope 
will alter the resistance of the semi-conductor 
layer. Various semi-conductors are used, 
depending on the requirement. They include 
selenium, which has a peak response at 
about 7,000A and is therefore sensitive 
to the red end of the visible spectrum; 
and compounds of lead and thallium with 
sulphur, selenium and tellurium. These 
compounds are sensitive to various regions 
of the infra-red band and are finding in- 
creasing use in radio equipment. For 
instance, infra-red detectors are used in 
guided weapons to detect and home on to 
a target. 


Photo-voltaic Cells 


13. This class of photocell is a completely 
solid arrangement of various layers of 
metal and semi-conductor materials and 
forms a battery, activated by light. The 
symbol for a photo-voltaic cell is shown 
in Fig. 10(a), and Fig. 10(b) shows the 


elements of a typical cell. A base plate A 
carries a thin layer of semi-conductor 
material E which forms one electrode of the 
cell. The semi-conductor is separated from 
a conductor layer C (the counter-electrode) 
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Fig. 1O—PHOTO-VOLTAIC CELL 


by a barrier layer B, and connection is made 
to C by a metal grid, Because of the trans- 
parency of the arrangement some of the 
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light falling on C is transmitted through B 
to the surface of the semi-conductor where 
it is responsible for the release of photo- 
electrons. These electrons pass through 
the barrier B and accumulate on the counter- 
electrode C, giving it a negative potential 
with respect to the semi-conductor. A 
current is then established when the base- 
plate A and the grid of the counter-electrode 
C are connected through an external circuit. 
In the photo-voltaic effect, radiation incident 
on the cell causes an e.m.f. to be set up 
at the terminals of the cell. 


14. Various semi-conductor materials may 
be used, including selenium. A _ typical 
modern cell uses silicon with boron as the 
conducting layer. Such a cell is sensitive 
to light in the visible spectrum and its 
applications include photometry and instru- 
ment power supplies. One such application 
is the provision of the necessary power 
supplies for the radio equipment in earth 
satellites by photo-voltaic cells, activated by 
sunlight. 
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PART 1A, SECTION 8, CHAPTER 7 
SEMI-CONDUCTOR DEVICES 


Introduction 


1. The term ‘semi-conductor’ denotes solid 
material having a resistivity considerably 
less than that of good insulator and much 
more than that of a good conductor. The 
resistivity of a semi-conductor is about 
1 ohm per cm. cube compared to about 
10° ohms per cm. cube for an insulator 
and about 10 ohm per cm. cube for a 
conductor. In addition, the resistivity of 
a semi-conductor decreases with rise of 
temperature in contrast with normal metallic 
conductors. 


Atomic Structure 


2. The behaviour of a material, chemically 
and electrically, depends on the disposition 
of the electrons in relation to the nucleus 
of the atom of the material. The electrons 
rotate round the nucleus in a definite and 
orderly manner. They can exist only in 
certain ‘shells’ round the nucleus, and the 
number of electrons that each shell is capable 
of accommodating is fixed. Each shell 
is ‘filled’ in order of atomic number, com- 
mencing at the innermost shell. Working 
outwards from the nucleus, the first (K) 
shell may contain one or two electrons but 
not more than two, so this shell is filled when 
the atom is helium which has two electrons 
(Fig. 1(a)). The second (L) shell, further 
away from the nucleus, may contain any- 
thing up to eight electrons and the first two 
shells are completely filled by the atom of 
atomic number 10, which is neon (Fig. 
1(b)). An atom which has just sufficient 
orbital electrons to fill completely one or 
more shells has no ‘free’ electrons and is 
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Fig. i~—ATOM SHELL STRUCTURE 


completely inert (e.g. the inert gases helium 
and neon). An inert gas is one which 
shows practically no tendency to combine 
with other elements. Further shells, of 
greater radii and having accommodation 
for a fixed number of electrons, exist for 
elements of high atomic number. 


3. For the great majority of elements, the 
number of electrons in the outermost shell 
is less than the maximum number that this 
shell is capable of accommodating. For 
example, the sodium atom (atomic number 
11) has the K and L shells filled and has one 
‘odd’ electron in the M shell (Fig. 2(a)). 
The electron in the M shell is free to enter 
into external relationships with other atoms 
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and because of this the sodium atom is 
extremely active. The electrons in an in- 
complete shell that tend to enter into ex- 
ternal relationships are termed ‘valency 
electrons’; thus sodium has one valency 
electron. For many purposes the atom 
diagrams can be simplified by combining the 
filled shells with the nucleus and showing 
only the net electric charge inside a circle. 
Each of the electrons left over (the valency 
electrons) is represented by a minus sign 
outside the circle, the atom as a whole 
being electrically neutral. Fig. 2(b) replaces 
the complete sodium atom diagram of 
Fig. 2(a) in this notation. The semi- 
conductors germanium and silicon may be 
represented as in Fig. 2(c), from which 
it is seen that there are four vatency elec- 
trons. 


‘Pure’ Semi-conductors 


4. The most important group of semi- 
conductors includes germanium and silicon, 
each atom of which has four valency elec- 
trons in its outer shell. In this Chapter, 
attention will be almost exclusively directed 
to germanium, although the action in silicon 
and other semi-conductors is similar. The 
atoms of chemically pure germanium are 
arranged in a crystal lattice as shown in 
Fig. 3. Each of the four valency electrons 
is ‘shared’ by a valency electron in an adjacent 
atom. The link between two atoms via 
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Fig. 3~GERMANIUM CRYSTAL LATTICE 


the shared pair of electrons is called a 
co-valent bond, and in germanium all the 
valency electrons are so occupied. It is 
this co-valent bond created by electron 
pairs which holds the atoms together in 
the crystal. In such a configuration the 
only ‘free’ electrons available are those 


released ‘by the partial breakdown of the 
lattice due to the application of thermal 
or photo-electric energy. Owing to the 
lattice construction, therefore, the conduc- 
tivity 1s very low under normal conditions. 


5. If however, the temperature of the 
germanium is raised or if it is subjected 
to irradiation, some electrons receive suffi- 
cient energy to enable them to break away 
from the lattice. The release of an electron 
in this way leaves a ‘hole’ in the otherwise 
regular array of electrons. Little energy 
is required for a valency electron in a neigh- 
bouring atom to jump into this vacant 
hole, and the hole is now transferred to 
the adjacent atom where it may be filled 
by yet another electron. In this way the 
hole diffuses through the material. Thus, in 
chemically pure germanium, the release of 
an electron from its parent nucleus by 
thermal or photo-electric energy increases 
the conductivity of the material not only 
by the creation of such free electrons, but 
by the creation of ‘positive holes’. The 
increase in conductivity in this way is said 
to be due to ‘intrinsic semi-conduction’ 
where electrons and holes are created in 
equal numbers. By applying a_ potential 
difference across the material under such 
conditions electrons drift towards the positive 
terminal causing holes to move towards the 
negative terminal. An increase in energy 
results in more electron-hole pairs being 
created and the conductivity increases. 
Reducing the energy to its original level 
causes the free electrons and holes to 
combine and thus disappear. 


6. As the temperature is increased, more 
and more electrons receive sufficient energy 
to enable them to break away from the 
lattice. At temperatures above about 100°C 
this effect becomes so great that current 
control is not possible, the heating due to 
increasing current ionising still more atoms 
and allowing a still larger current to flow. 
This effect is cumulative and eventually 
results in the destruction of the crystal 
lattice. It is therefore necessary to maintain 
germanium at comparatively low tempera- 
tures. 


N-type Germanium 

7. By the introduction of a controlled 
amount of ‘impurity’, a higher conductivity 
can be obtained while at the same time 
preserving the lattice configuration. For 


instance, if an atom containing five valency 
electrons (€.g. antimony or arsenic) is 
introduced into the pure germanium lattice, 
one free electron becomes available as a 
charge carrier. In the process of bonding 
with the germanium, since only four valency 
electrons are needed, one of the electrons 
of the impurity atom is liberated as shown 
in Fig. 4. Even at room temperatures 
this surplus electron has sufficient energy 
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Fig. 4—N-TYPE GERMANIUM 


to leave the lattice and to migrate through 
the germanium as a negative charge carrier. 
The impurity atom will exhibit a positive 
charge, having lost one of its constituent 
electrons, and such an atom is called a 
‘donor’ since it donates one electron to the 
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current. Electron-hole pairs may still be 
produced by intrinsic action as stated in 
Para. 5, but the introduction of impurity 
atoms of the type described causes the free 
electrons to be in the majority and this type 
of semi-conductor is termed n-type since 
the majority carriers (electrons) are negative 
(n) particles. For practical purposes, n-type 
germanium can be considered to be con- 
structed of immobile impurity positive atoms 
called donors which provide a number of 
negative charge carriers or electrons. This 
construction is shown in Fig.5. The material 
as a whole is electrically neutral. 


P-type Germanium 

8. By introducing into the pure germanium 
lattice impurity atoms having three valency 
electrons (e.g. aluminium or indium) a 
different type of semi-conductor is obtained. 
Since such an atom possesses only three 
electrons available for bonding, a hole 
will be left within the lattice as shown in 
Fig. 6. This hole exerts an attractive 
force on, and will ‘capture’, any electron 
which, having been liberated from a ger- 
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Fig. 6—P-TYPE GERMANIUM 


manium atom by thermal energy, happens 
to pass near the hole. This results in the 
formation of another hole which, in turn, is 
filled by yet another free electron. This 
process is continuous throughout the ger- 
manium so constituting a ‘diffusion’ of 
positive charge carriers. The impurity atom, 
which loses a hole in this way, gains an 
electron and so exhibits a negative charge. 
Impurity atoms of this type are thus termed 
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‘acceptor’ atoms since they accept an electron 
to neutralise the hole in the lattice. Electron- 
hole pairs may still be produced by intrinsic 
action as stated in Para. 5, but the intro- 
duction of impurity atoms of the type des- 
cribed causes the holes to be in the majority, 
and this type of semi-conductor is termed 
p-type since the majority carriers (holes) 
are effectively positive (p) particles. For 
practical purposes, p-type germanium can 
be considered to be constructed of immobile 
impurity negative atoms called acceptors 
which provide a number of positive charge 
carriers or holes. This construction is 
shown in Fig. 7. The material as a whole 
is electrically neutral. 
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Metal-to-Semi-conductor Junctions 


9. When a semi-conductor is placed in 
contact with a’ metal, a barrier layer is 
set up at the contact and this layer has a 
higher resistance in one direction than 
in the other. The asymmetrical resistance 
means that current can flow much easier 
in one direction through the layer than in 
the other, and such a device may be used 
for rectification. 


10. When a p-type semi-conductor is in 
contact with a metal plate, as in Fig. 8, 
electrons migrate from the metal to fill 
the positive holes in the semi-conductor, 
a process which continues until the trans- 
ference of charge has led to a p.d. sufficient 


to stop it. A narrow strip at the junction 
has then been cleared of positive holes and 
so has no means of conduction; it is thus a 
very good insulator for very small applied 
p.d.s and is termed a barrier layer. However, 
when a p.d. in excess of about 1 volt is 
applied, the barrier layer is subject to infil- 
tration from one side or both. If the p.d. 
is such that the semi-conductor is positive 
with respect to the metal, positive holes 
will migrate from the body of the semi- 
conductor into the layer, thereby restoring 
its conductivity. If the p.d. is reversed, 
more electrons are drawn from the metal 
simply to fill more positive holes, and the 
barrier layer is reinforced. Thus, the ‘for- 
ward’ resistance of the layer is low if the 
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semi-conductor is positive with respect 
to the metal, and the ‘back’ resistance is 
high if the direction of the p.d. is reversed. 
Since the layer is very thin, a p.d. of several 
volts applied in the high resistance direction 
suffices to break down the insulation of the 
layer. 


11. For the boundary of a p-type semi- 
conductor and a metal, the forward direction 
of easy flow of conventional current is 
towards the metal, and the current flows in 
the reverse direction only when the ‘back 
voltage’ exceeds a certain value. Similar 
behaviour, with the operating directions 
reversed, is observed for an n-type semi- 
conductor such as germanium with antimony 


as added impurity. The forward direction 
of easy flow of conventional current in this 
case is away from the metal. 


12. Plate-type rectifiers. Rectifiers using 
the principles described in Para. 10 have 
been constructed and are usually referred 
to as ‘metal rectifiers’. Fig. 9 shows rectifier 
elements using (a) cuprous oxide and (b) 
selenium, as the semi-conductors. The ele- 
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Fig. 9—PLATE TYPE METAL RECTIFIERS 


ments ate thin flat discs with central axial 
holes so that several can be mounted on a 
spindle. In the copper-oxide rectifier the 
barrier layer is formed between the cuprous 
oxide and the copper plate; in the selenium 
rectifier the junction is between a layer of 
tin alloy and the selenium. In both cases 
the semi-conductors are p-type, so the 
direction of easy conventional current flow 
is from the semi-conductor to the metal. 
A graph relating current and voltage in a 
selenium rectifier element is shown in Fig. 
9(c). Metal rectifiers are considered in 
greater detail in Sect. 9, Chap. 3. 


13. Point contact rectifiers. Fig. 10 shows 
a germanium rectifier, in which a small 
piece of n-type germanium A, with its outer 
surface polished and etched, is held in 
contact with a tungsten ‘cat’s whisker’ B. 
The easy direction of flow of conventional 
current at the tungsten-germanium contact 
is from B to A, and the arrangement will 
pass appreciable current in this direction, 
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and only in this direction, if an alternating 
voltage of peak value less than the back 
voltage for the contact is applied across 
the rectifier. The purpose of the point 
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contact is to concentrate the electric field 
near the surface of the germanium to ensure 
as large a current flow as possible. Silicon 
is also used in rectifiers of this type. One 
great advantage of the point contact rectifier 
is its very small self-capacitance, which means 
that it can be used at very high frequencies; 
in this respect it is superior to the diode 
valve. In addition, no heater voltage is 
required. The point contact crystal diode 
has extremely small dimensions and is easily 
wired into a circuit with such components as 
resistors and capacitors. The relative size 
of the component is illustrated in Fig. 11. 
Point contact crystal diodes are considered 
in greater detail in Part 3 (Radar ). 
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P-N Junctions 


14. Consider a piece of germanium con- 
sisting of a p-type zone and an n-type zone, 
with a defined line of demarcation between 
them as depicted in Fig. 12(a). On one 
side of this line, acceptors and holes are in 
the majority (p-type), and on the other side 
donors and electrons are in the majority 
(n-type). Initially, both the n-type and 
p-type are electrically neutral as previously 
explained. However, when the two types 
of material meet at a junction, electrons 
diffuse from the n-type to the p-type material, 
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and holes diffuse from the p-type to the 
n-type material. As a result of these move- 
ments, the n-type material becomes positively 
charged, and the p-type material becomes 
negatively charged as shown in Fig. 12(b). 
This prevents any further movement of 
charge carriers across the junction. This 
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effect may be considered as the building 
up of a ‘potential barrier’ across the junction. 

e mobile current carriers (electrons and 
holes) are repelled from the vicinity of the 
junction leaving only the fixed acceptor 
atoms on one side and the donors on the 
other side. 


15. Suppose now that a battery is connected 
across the p-n junction in such a sense that 
the barrier potential is reduced as shown 
in Fig. 13. The junction is then said to be 
‘forward biased’ and it is easier for the holes 
in the p-type to cross to the n-type. Simi- 
larly, the electrons in the n-type cross easily 
to the p-type. The result is that several 
milliamperes of current can flow. A further 
increase in forward bias removes the reverse 
potential gradient at the junction entirely 
and a rapid increase in current results. 
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Fig. I3—FORWARD-BIASED JUNCTION 


16. If however, the battery is connected 
across the junction in the opposite polarity 
so that the barrier potential is increased, 
as shown in Fig. 14, the reverse potential 
gradient at the junction is reinforced and 
very little current flows. The junction is 
said to be ‘reverse or back biased’. At a 
critical value of reverse voltage the co-valent 
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bonds in the semi-conductor break up and 
a high reverse current flows. 


17. If an alternating voltage of peak 
value less than the critical reverse voltage is 
applied to a p-n junction diode, as in Fig. 
15(a), the potential barrier will be alter- 
nately strengthened and weakened; that is 
the resistance of the junction will vary 
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with the value and polarity of the applied 
voltage. If the current is plotted against 
various values of voltage, both positive 
and negative, it will be seen that the p-n 
junction acts in a manner similar to that 
of a metal rectifier. A typical characteristic 
curve is shown in Fig. 15(b). 


18. Semi-conductor junction diodes of the 
germanium and silicon type are now used 
for a wide variety of purposes including 
high power rectification. They compare 
favourably with thermionic diode valves 
since :— 


(a) They are robust and will withstand 
severe vibration. 

(6) No heater voltage is required. 

(c) They are relatively small in size. 
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Point Contact Transistors 


19. The transistor is a more complex 
semi-conductor device than the crystal diode, 
as it involves two contacts or two junctions. 
It may be considered analogous to the ther- 
mionic triode valve, and it can be employed 
for many purposes including amplification. 


20. Fig. 16(a) shows the functional dia- 
gram of a type of transistor known as the 
point contact type. It consists of a small 
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Fig. 16—-POINT CONTACT TRANSISTOR 


pellet of n-type or p-type germanium having 
three external connections. These con- 
nections are named the collector, the emitter 
and the base. The collector and emitter 
connections are cat’s whisker point contacts 
and the base is a soldered contact. The 
transistor symbol is shown in Fig. 16(b). 


21. To start the transistor action it is 
necessary to ensure that all the connections 
are biased correctly as follows :-—- 


(a) The emitter is biased in the forward 
direction with respect to the base. For 
an n-type base the emitter is made positive 
with respect to the base, the polarity 
being reversed for a p-type base. 


(b) The collector is biased in the reverse 
direction with respect to the base. For 
an n-type base the collector is made 
negative with respect to the base, the 
polarity being reversed for a p-type base. 
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22. In @ point contact transistor employing 
n-type germanium as the base material 
(Fig. 17), when the emitter bias is applied 
in the forward direction, the emitter point 
contact causes a field of sufficiently high 
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intensity for the valency electrons to break 
their co-valent bonds and flow out through 
the emitter giving rise to an emitter current. 
This action causes holes to be formed in 
the base, a process that is called ‘hole 
injection’. These holes will migrate to- 
wards the collector under the influence of 
the electric field, since the collector is biased 
negatively, thereby establishing a collector 
current. In a correctly designed point 
contact transistor, an injected current at 
the emitter causes an amplified version to 
flow in the collector. Further, a change 
of current in the emitter circuit causes a 
corresponding change of current in the 
collector circuit. This is known as transistor 
action and in a correctly designed and 
adjusted circuit it can be used to produce 
amplification. 


Juaction Transistors 


23. The junction transistor has virtually 
replaced the point contacttype. The junction 
transistor consists of three regions of ger- 
manium arranged in sandwich form; that is, 
p--p or n-p-n as shown in Fig. 18. There are 
three external connections; one is soldered to 
the emitter, one to the base and one to the 
collector, each connection being placed in 
one of the impurity regions with the base 
in the middle. Whether of the p-n-p or 
the n-p-n type, the emitter-base junction 
is biased in the forward direction and the 
collector-base junction is biased in the 
reverse direction. 


24. A p-n-p junction transistor is depicted 
in Fig. 19(a). Under conditions of thermal 
equilibrium, with no external voltages applied 
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to the transistor, the potentials of the p 
and n layers are different as explained in 
Para. 14 and as shown in Fig. 19(b). If 
now the junctions are biased so that the 
emitter-base junction has forward bias 
(emitter positive with respect to base) 
and the collector-base junction has reverse 
bias (collector negative with respect to 
base) the potential levels are altered as shown 
in Fig. 19(c). 


25. When a positive potential is applied 
to the emitter terminal, the holes in the p 
material are repelled from the region of the 
emitter and drift towards the p-n junction 
under the influence of the applied field. 
The junction potential barrier has been 
lowered by the forward bias and therefore 
the holes are able to cross to the n region 
(base). While passing through the base 
region a few holes will re-combine with the 
electrons present there, and it is therefore 
important that the width of the n region 
is as small as possible (about 0-05mm.) 
Many of the holes, however, continue to 
drift towards the collector region and are 
finally able to cross the n-p junction since 
the barrier potential is in favour of hole 
conduction from base to collector (although 
not in the reverse direction). Holes which 
cross into the collector p region represent 
the collector current since each hole on 
reaching the collector requires one electron 
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Fig. 19—JUNCTION TRANSISTOR ACTION 


from the battery to neutralize it. The base 
current is small compared with the emitter 
current, most of which goes to the collector. 
Thus, a change of base potential as at (i), 
(ii) and (iii) in Fig. 19(c) varies the diffusion 
current of holes from the emitter to the base 
(i,e., the emitter current is varied) thereby 
causing proportionate changes in the col- 
lector current. 


26. The general form of the collector 
current-collector voltage characteristic of 
the junction transistor is shown in Fig. 20. 
The section OA is linear, but above A a 
given increase in the collector voltage causes 
a much smaller increase in the collector 
current. This phenomenon is a ‘saturation’ 
effect due to the fact that at a voltage corres- 
ponding to A, practically all the holes made 
available as charge carriers (p-n-p) are 
reaching the collector. Beyond this point, 
therefore, the collector resistance rises steeply 
as indicated by the slope of the graph. 
The transistor is normally operated beyond 
the knee at A to make use of this high re- 
sistance effect. 
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27. Not all the holes which represent 
the emitter current will be received in the 
collector circuit for some will re-combine 
with electrons in the base as explained in 
Para. 25. Hence, the current gain of a 
junction transistor is less than unity and 1s 
usually of the order of 0-98. However, 
since the collector resistance is so high, 
considerable voltage and power gains may 
be achieved. Typical values of emitter- 
to-base and collector-to-base resistances are 
500Q and 1MqQ respectively. This repre- 
sents a resistance ‘gain’ of 2,000, a voltage 
gain of about 1,960 and a power gain of 
about 1,900. The frequency response of 
a junction transistor is limited because of 
the relatively low velocity of electrons and 
holes within the germanium. A _ typical 
junction transistor is shown in Fig. 21. 





Fig. 2I—TYPICAL JUNCTION TRANSISTOR 


28. The n-p-n junction transistor is similar 
to the p-n-p type except that the polarities 
of the applied voltages are reversed, as shown 
in Fig. 22, and that it is electrons and not 
holes which are ‘injected’ at the emitter and 
collected at the collector. The amplifying 
action may be summed up generally by 
imagining the base layer to be a barrier 
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separating the two different levels of emitter 
and collector, the height of this barrier being 
varied by the signal. The holes (in p-n-p 
type) or electrons (in n-p-n type) from the 








COLLECTOR 


uf 


EMITTER 


ELECTRONS -» [HOLES | ELECTRON 


Fig. 22—N-P-N JUNCTION TRANSISTOR 


emitter ‘spill over’ this barrier to reach the 
collector at a rate determined by the height 
of the barrier. The signal, therefore, in 
controlling the height of the barrier, effectively 
controls the collector current, and in so 
doing consumes only a fraction of the power 
which can be dissipated by the collector 
circuit. Thus there is a power gain and 
amplification is then possible. 


Comparison of Transistors with Valves 

29. The emitter, base and collector of a 
transistor are the equivalents of the cathode, 
grid and anode respectively of a triode 
valve as shown in Fig. 23, and any form 
of valve circuit may be used in transistor 
circuits provided suitable adjustment is 
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made to power supplies. The power that a 
transistor is capable of handling however, 
is limited by the heat produced during 
operation, and at the present stage of develop- 
ment the maximum power handling capacity 
for a single transistor is of the order of a 
few watts. 


30. Advantages of transistors. 
(a) Very small and light. 
(b) Robust and reliable. 


(c) High efficiency. 

(d) Very long life. 

(e) No heater supply required. 

(f) The supply voltage required is small. 


31. Limitations of transistors. 
(a) Power handling capacity is limited 
to a few watts. 


(b) Frequency response is limited to 
under 100 Me/s. 


(c) Noise factor is higher. than that in 
valves. 


The Transistor as an Amplifier 


32. The transistor, like the valve, has many 
applications. One application which is now 
in use in various electronic devices is the 
transistor amplifier. The circuit diagrams 
of devices using transistors bear a marked 
resemblance to conventional valve circuits. 
For instance, a basic triode amplifier circuit 
is illustrated in Fig. 24(a). This circuit, 
which is discussed in Chap. 2, Para. 24, 
has its transistor ‘equivalent’ in Fig. 24(b). 
In the latter, R, acts as a self-bias resistor 
to the base of the transistor in the following 
manner. The base of the transistor draws 
a small amount of current from the supply. 
This current causes a potential to be deve- 
loped across the bias resistor, thus main- 
taining the base of the transistor at a small 
positive potential with respect to the collector. 
By the introduction of R, into the circuit, 
one source only of e.m.f. (a 4-5 volt battery) 
is necessary. With such a circuit the ampli- 
fication obtained is similar to that obtained 
from the triode amplifier, but the power 
requirements are very much smaller for the 
transistor circuit. 


Other Semi-conductor Devices 


33. Photodiode. This is the semi-conductor 

equivalent of the photocell discussed in 

Chap. 6. Two types are used :— 
(a) The p-n junction type. This consists 
of a piece of germanium with two distinct 
regions, one p-type and the other n-type. 
The whole is enclosed in an insulated 
container, light being allowed to fall on 
the p-n junction. As shown in Fig. 
25(a) the cell is biased in the reverse 
direction and with no light incident at 
the junction, the current is practically 
negligible. When light strikes the junction 
however, hole-electron pairs are formed 
at this junction by intrinsic action as 
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explained in Para. 5, and the current 
increases. Typical characteristics are re- 
produced in Fig. 25(c). 

(b) The point contact type. This consists 
of a piece of p or n type germanium with 
one point contact terminal as shown in 
Fig. 26. The characteristics of this type 
of photodiode are similar to those of 
the junction type photodiode. 


34. Photo-transistors. This development is 
effectively a junction transistor with a light 
sensitive base region. The advantage of 
such a device over the photodiode or photo- 
cell is that it is not only light sensitive but 
is also an amplifier. This means that 
photo-transistors can be connected in circuit 

irectly to a relay without an intermediate 
amplifying stage. The symbol for a photo- 
transistor is shown in Fig. 27. 
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PART 1A4SECTION 9, CHAPTER 1 
ELECTROCHEMICAL POWER SUPPLIES 


Introduction 
1. There are, in general, three different 
sources of electrical energy required for a 
radio equipment :— 
(a) Low tension (1.t.) supply of a few volts 
for application to valve heaters. 


(6) Grid bias (g.b.) supply up to the order 
of 100 volts for application to control 
grids. 

(c) High tension (h.t.) supply of several 
hundreds of volts for application to valve 
anodes and screen grids. 


In addition, some high power communication 
equipment and most radar equipment require 
an extra high tension (e.h.t.) supply of several 
thousands of volts. 


2. The methods used for obtaining the 
required power supplies include :— 


(a) Electrochemical, from primary or 
secondary batteries. This method, which 
is used mainly for low power mobile 
equipment, is considered in this Chapter. 


(6) Mechanical, from rotating machines 
and vibrators. This method, commonly 
used in airborne communication equip- 
ment, is considered in Chapter 2. 
(c) Electronic, from valve and metal 
ifiers. Electronic power supply systems 
are used almost invariably on radar and 
ground communication equipment, and are 
considered in Chapter 3. 


Electrolysis 


3. When certain soluble substances are 
dissolved in water they ionise spontaneously, 
producing positive and negative ions. Such 
substances are termed electrolytes. For 
example, sulphuric acid (H,SO.) becomes, 
in solution, positive hydrogen ions (H+) and 
negative sulphate ions (SO;). 


4. If an e.mf. is applied to two metal 
plates (electrodes) immersed in an electrolyte, 
the positive ions travel to the negative 
electrode (cathode) and the negative ions to 
the positive electrode (anode). This process 
is termed electrolysis, and is used in electro- 
plating. In silver plating, the anode is silver, 


the electrolyte is silver nitrate and the article 
to be plated is the cathode. When an 
external e.m.f. is applied such as to make the 
anode positive and the cathode negative the 
migration of ions results in silver being 
deposited on the article while the anade is 
gradually eaten away. 


5. The exchange between electrical and 
chemical energy can be made to work both 
ways. In electrolysis, electrical energy is 
being converted into chemical energy. The 
reverse process may be obtained as in the 
simple primary cell. 


PRIMARY CELLS 


The Simple Cell 


6. Fig. 1 shows a zinc (Zn) rod and a 
copper (Cu) rod immersed in a solution of 
dilute sulphuric acid (H,SQ,). Atoms of 
zinc are dissolved in the solution as positive 
ions, leaving the zinc rod negative with 
respect to the electrolyte. Positive hydrogen 
ions from the electrolyte are attracted to the 
copper, making the copper rod positive with 
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Fig. 1.—SIMPLE PRIMARY CELL 
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respect to the electrolyte. Thus, an e.m.f. 
(of approximately one volt) is established 
between the two rods. 


7. On connecting an external circuit be- 
tween the two rods, an electric current is 
established. This causes more zinc to 
dissolve in the acid and more hydrogen to be 
liberated at the copper electrode so as to 
maintain a p.d. between the terminals. 
Current continues to flow until the zinc is 
dissolved, until the acid is exhausted, or until 
‘polarisation’ renders the cell inoperative 
(see Para. 8). 


Polarisation 

8. The formation of hydrogen bubbles at 
the positive (copper) electrode when the cell 
is connected to an external circuit is termed 
polarisation. The film of hydrogen tends to 
insulate the copper electrode from the 
electrolyte, thereby increasing the internal 


resistance of the cell and reducing the chem- 
ical action. 


9. It is possible to remedy the effects of 
polarisation by dispersing the film of 
hydrogen; this process is known as 
depolarising. A second chemical, the de- 
polariser, is included in the cell and this 
combines with the hydrogen to form a 
compound which is harmless in its action. 
The depolariser does not combine with the 





the formation of small ‘local’ cells between 
the pure zinc and the impurities. The local 
currents resulting cause the zinc to be dis- 
solved without supplying power to an 
external circuit. This factor determines the 
‘shelf life’ of a cell. 


Internal Resistance 


11. Every cell has a certain internal resist- 
ance, depending on the construction of the 
cell. Thus, when current is being supplied 
to an external circuit, a voltage drop is 
developed across the internal resistance, and 
the p.d. at the terminals is then the difference 
between the open-circuit e.m.f. and the 
internal voltage drop. It is therefore neces- 
sary to test the terminal voltage of a cell 
on normal load. 


Types of Primary Cell 

12. Several types of primary cell, differing 
in their construction and choice of materials 
have been produced for various purposes. 
Table 1 lists a few of the better known types. 


Dry Cells 

13. The majority of primary cells used in 
the Service are of the ‘dry’ Leclanche type, 
in which the electrolyte (ammonium chloride) 
is in the form of a paste containing sufficient 
moisture to permit the chemical action. The 
construction of a dry cell of this type is shown 
in Fig. 2. The positive electrode is a carbon 


| Positive Terminal 
Type 2 Electrode P.D. Remarks 
Low currents 
Daniell Copper 1-1V only 
Standard of 
Weston Mercury 1-02V e.m.f. 
Intermittent 
Carbon | 1-5V Jow currents 
Fairly large 
Mallory Mercury Zinc Hydroxide Oxide 1°34V currents 
| 





Table |. TYPES OF PRIMARY CELL. 


hydrogen instantaneously, and,’ since the 
release of hydrogen is proportional to the 
current taken from the cell, primary cells are 
suitable only for intermittent current demands 
or for very low continuous current work. 


Local Action - 
10. Impurities present in the zinc result in 


rod and is surrounded by a mixture of 
powdered manganese dioxide and carbon 
which forms the depolariser. The reaction 
between the depolariser and the hydrogen 
formed round the carbon rod during dis- 
charge produces additional water. The 
carbon rod and depolariser rest on an 
insulating washer fitted into the base of the 
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zinc cylinder, the latter serving as the 
negative electrode. The space between the 
depolariser and the zinc cylinder is filled with 
paste electrolyte of ammonium chloride. 
The e.m.f. of such a cell is about 1-5V and 
ye internal resistance is between 0-5Q and 


14. Mercury type dry batteries are used in 
the Service to provide power for certain types 
of radio equipment. The ‘Kaliwm’ cell, based 
on the Mallory type (see Table 1), has 
potassium hydroxide (caustic potash) as the 
electrolyte and mercuric oxide as the de- 
polariser. The zinc negative electrode is 
placed inside a zinc container and the 
positive electrode of mercury surrounds a 
central carbon rod, so that the external 
contacts are the same as those for the 
Leclanche dry cell. The Kalium cell can 
supply comparatively large currents (up to 
1 amp) at a constant voltage of approximately 
1-3V. This cell has curious discharge 
characteristics; the voltage drops suddenly 
when it is first put on load, and then rises 
slowly to its steady load value. The shelf 
life is longer than that of the Leclanche dry 
cell, but it should not be used at temperatures 
much below O°C or much above 40°C. 


Batteries 

15. <A battery consists of two or more cells 
connected in series or in parallel. Alterna- 
tively, a battery may consist of several parallel 
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banks of series-connected cells. For cells 
in series the positive terminal of one cell is 
connected to the negative terminal of the 
next as shown in Fig. 3(a), the total voltage 
being the sun of the cell voltages. H.T. 
batteries giving an open-circuit voltage of 
120V are obtained in this way. For cells in 
parallel, all the positive terminals are joined 
together, and all the negative terminals as 
shown in Fig. 3(b). The total voltage is that 
of one cell, but the current that the battery is 
capable of supplying is increased (i.e., its 
‘capacity’ has been increased). 


Life of Primary Cells 

16. Primary cells, either singly or in batteries, 
may be used to provide the necessary power 
supplies in certain low power mobile radio 
equipment and test equipment. The dry 
type deteriorates in storage due to local 
action and its shelf life is therefore limited. 
In the ‘inert’? cell, the electrolyte is in the 
form of dry crystals to which water must be 
added to make the cell active. Thus, no 
local action takes place in storage, and the 
shelf life of the inert cell is indefinite. When 
current is being drawn from a primary cell, 
the negative electrode is consumed and the 
electrolyte and depolariser become exhausted, 
after which the cell becomes useless. Primary 
cells cannot be re-charged. 





Fig. 3.—BATTERIES 


A.P. 3302, ParRT1A,Sectr. 9, Cap. ! 
LEAD-ACID SECONDARY CELLS 


Introduction 


17. Primary batteries are capable of supply- 
ing small currents for limited periods, but 
their high internal resistance and _ their 
liability to polarisation make them unsuitable 
when a continuous supply of heavy current 
is necessary. Furthermore, the active material 
in a discharged primary cell cannot be 
regenerated and dry batteries must then be 
discarded. The secondary cell overcomes 
these disadvantages. 


18. Secondary cells operate on the same 
principle as primary cells; that is, an e.m.f. 
is developed between dissimilar plates which 
are partially immersed in an electrolyte, and 
current flows when an external circuit is 
connected between the plates, the action 
continuing until the chemical energy of the 
cell is exhausted. However, in a secondary 
cell the chemical energy can be restored by 
passing a ‘charging’ current through the cell 
in the reverse direction to that of the dis- 
charge current. This charge is continued 
until the electrolyte and plates have been 
restored to their original condition. The 
action of the secondary cell is therefore 
reversible, unlike that of the primary cell, 
and its life consists of a large number of 
cycles of charge and discharge. The 
secondary cell does not ‘store electricity’. It 
converts electrical energy into chemical 
energy during the charging process, and 
retains the chemical energy until an external 
circuit is connected to the terminals. 


Definitions 

19. (a) Voltage. The terminal p.d. of a 
secondary cell depends on the materials of 
which the plates are composed, the nature 
of the electrolyte and state of charge. For 
a fully charged lead-acid cell, the voltage 
is approximately 2-1 V on normal load. 
During discharge, the voltage of the cell 
gradually falls to 1-8 V, beyond which the 
discharge should not be continued. 


(b) Capacity. This is the amount of charge 
that can be taken from a cell while it is 
discharging from the fully-charged to the 
fully-discharged condition. Since the 
coulomb is too small a unit for this purpose 
capacity is measured in ampere-hours (Ah); 
it is the product of discharge current (in 
amperes) and time of discharge (in hours), 
one Ah being equal to 3,600 coulombs. 


(c) Ten-hour rate. The capacity of a cell 
varies with the rate of discharge. Thus, a 
cell which gives 8 amperes for 10 hours 
(i.e., capacity=80 Ah) will not give 80 
amperes for | hour. For this reason, 
capacity is normally measured at the rate 
which discharges the cell in 10 hours. A 
cell marked ‘2 V, 14 Ah’ should give 1-4 
amperes over a period of 10 hours, the 
maximum discharge current for any cell 
being given by:— 

Current = Nomina’ smaty (amps). 
This is called the ‘ten-hour rate’ and unless 
otherwise specified, it is also the normal 
rate at which the cell should be charged. 
(d) Specific gravity. This is the ratio of 
the weight of a given volume of the 
electrolyte to the weight of an equal 
volume of water at the same temperature. 
The specific gravity (S.G.) of the electrolyte 
in a lead-acid cell when fully charged 
should be between 1°24 and 1:27; when 
the cell is discharged the S.G. falls to 
between 1:15 and 1-18. The exact 
figures should accord with the maker’s 
instructions. 


(e) Batteries. Secondary cells may be 
grouped to form batteries in the same 
manner as primary cells and with similar 
results. Thus, a battery might comprise 
six 2 V 40 Ah cells in series; the battery 
voltage would be 12 V and its capacity 
40 Ah. Two such batteries connected in 
series would give 24 V with the same 
capacity (40 Ah), while two such batteries 
connected in parallel would give 12 V, 
but their combined capacity would be 
80 Ah: Grouping should be restricted to 
cells or batteries of the same capacity. 


Construction of Lead-acid Cell 


20. A lead-acid cell consists essentially of 
two plates immersed in an electrolyte of 
dilute sulphuric acid. It is constructed as 
shown in Fig. 4:— 


(a) Plates. These are grids of a lead- 
antimony alloy serving as supports for the 
active material, which is in a paste form. 
The negative plate carries spongy lead (Pb) 
and the positive plate, lead peroxide (Pb0,). 
Each cell contains several negative and 
positive plates, interleaved alternately in 
such a way that both outer plates are 
negative. All plates of the same polarity 
are attached to a lug which forms both a 


mechanical support and an electrical con- 
nection to the terminal. The plates are 
further supported by ribs on the inside of 
the container and are raised clear of the 
bottom of the cell. 
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Fig. 4.—-LEAD-ACID SECONDARY CELL 


(b) Separators. Spacers are provided 
within the cell to prevent contact between 
positive and negative plates and to prevent 
buckling of the plates. They are designed 
to permit free circulation of the electrolyte, 
and are made of specially treated wood or 
perforated rubber or plastic materials. 


(c) Containers. The containers used for 
portable batteries are made of black 
moulded insulating material which is 
impervious to the action of the acid. 
Containers for stationary batteries may be 
of glass. 


(ad) Vent plugs. Each is fitted with a 
vent plug to permit the escape of gas 
generated by the chemical action. Air- 
craft batteries are fitted with special 
non-spill vent plugs, and, to allow the gas 
to escape while at the same time preventing 
leakage of the electrolyte, the level of the 
electrolyte must be as given in the maker’s 
instructions. 


(e) Electrolyte. Only pure sulphuric acid 
(H,SO,) diluted with distilled water is to 
be used as an electrolyte and it must be of 
the correct S.G. as indicated on the maker’s 
instruction label. Sulphuric acid of the 
correct §.G, may be supplied ready for use 
in batteries, or it may be supplied in 
concentrated form (S.G. 1:84). In the 
latter case the acid must be “broken down’ 
to the required S.G. by diluting with dis- 
tilled water. Great heat is developed 
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during mixing, which must be done 
gradually and with care. Never pour water 
into acid; always add acid to water until 
the correct S.G. is obtained. 


Chemical Action 


21. Discharge. When an external circuit 
is connected across the positive and negative 
terminals of a charged cell, a current is 
established. The conventional current is from 
the positive lead peroxide (PbO,) plate 
through the external circuit to the negative 
spongy lead (Pb) plate and thence through 
electrolyte (H,SO,). The discharge current 
through the plates and electrolyte sets up a 
chemical action in the cell which :— 


(a) Results in the formation of lead 
sulphate (PbSO,) at both plates. 


(b) Produces additional water in the 
electrolyte. 


As the discharge continues, the terminal p.d. 
and the S.G. of the electrolyte both fall. In 
practice, the discharge should be discontinued 
before the voltage of the cell has fallen to 
1-8 V on load, otherwise the lead sulphate 
on the plates is removed only with difficulty. 


22. Charge. The plates of a discharged 
cell can be cleared of lead sulphate and the 
S.G. of the electrolyte restored by passing 
current through the electrolyte in the reverse 
direction. This is done by connecting the 
cell to a d.c. supply which has a voltage 
slightly higher than that of a fully charged 
cell. For charging, the positive terminal of 
the supply is connected to the positive 
terminal of the cell, and the charging action 
is continued until all the PbSO, has been 
reconverted to Pb or PbO, and the 8.G. of 
the electrolyte has risen to its original level. 
The chemical energy which was expended 
during discharge has thus been restored and 
the cell is again available as a source of 
electrical energy. 


f 


Indications of Charge and Discharge 
23. The state of charge of a cell is indicated 
in three ways as shown in Table 2. 


Hydrometer 


24. The S.G. of an electrolyte is measured 
with a hydrometer (Fig. 5). This consists 
of a graduated float contained in a glass 
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Terminal P.D. 


Not less than 1-8V 







Charged (on Approx. 2:1V 
load). ; 

Char (whilst Approx. 2:7V 
on ge). 





Specific Gravity Plates 
According to maker’s in- Both plates PbSO, 
structions (commonly whitish-grey lead 
S.G. 1°18). sulphate. 

According to maker’s in- Positive = PbO, 
structions (commonly brown in colour. 
S.G. 1°27). Negative = Pb, 
slate grey in colour. 
ditto ditto 


Table 2—INDICATIONS OF STATE OF CHARGE 


syringe into which the electrolyte is drawn by 
means of a rubber bulb. Sufficient liquid is 
drawn into the syringe to float the hydrometer 
and the S.G. is read off the scale graduation 





Fig. 5. —HYDROMETER 


at the point where the surface of the electro- 
lyte intercepts it. 


Faults in Lead-acid Cells 


25. Sulphation. A sulphated cell is one in 
which the lead sulphate formed on the 
plates during discharge is allowed to become 
hard and insoluble so that it becomes 
difficult to remove by normal charging, and 
the cell suffers loss of capacity. This fault 
is caused by persistent undercharging, per- 
sistent discharge below 1-8 V and by leaving 
in a discharged state. It is indicated by a 
high terminal voltage during charging (be- 
cause of the increased internal resistance), 
by a low S.G. at the end of the charge and 
by the formation of a white deposit on the 
plates. There is no remedy for this if matters 
have gone very far, but if the sulphating is 
not too deep-seated a cure may be effected 
by carrying out the procedure detailed in 
R.A.F. Poster No. 20. This Poster, which 
provides information on the treatment of 
lead-acid batteries, should be prominently 
displayed in all R.A.F. battery charging 
rooms. 


26. Internal short-circuits. A cell whose 
plates are short-circuited will show little or 
no voltage across its terminals. Causes are 
as follows:— 


(a) Sediment. This is due to active 
material being dislodged from the plates, 
and occurs to some extent with normal 
usage. It is, however, accelerated by 
persistent overcharging or charging at too 
high a rate. The sediment can be re- 
moved by washing out the cell with weak 
acid, refilling with electrolyte of the 
correct S.G., and re-charging; but the 
loss of active material reduces the capacity 
of the cell. 


(b) Buckling of the plates. Ifthe formation 
of lead sulphate at the plates during 
discharge occurs too suddenly, a serious 
mechanical strain is thrown on the frame- 
work, which may tend to buckle and warp. 
As a result, the separators may split and 
an internal short-circuit occur. It is 
caused by excessive discharge currents, 
and no local treatment is possible. 


Charging Boards 

27. The charging board is the means 
whereby the batteries are connected to the 
d.c. supply for charging. It contains a 
main switch, fuses, an ammeter and a 
rheostat, all connected in series with the 
terminals to which the batteries are connected 
(Fig. 6). A reverse-current automatic cut- 
out is sometimes fitted to prevent the batteries 
discharging back through the supply should 
the latter fail. 
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28. The majority of lead-acid batteries 
require initial filling with electrolyte, followed 
by an initial charge of up to 24 hours or 
more, depending on the type of battery, 
before being ready for Service use. The 
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capacity and useful life of a battery depend 
on the treatment it receives both before and 
after it is put into service. Full manu- 
facturer’s instructions for preparation and 
initial charge are usually issued with each 
battery; these must be followed in detail. 
Where instructions are not given, the pro- 
cedure for initial charge detailed in R.A.F. 
Poster No. 20 should be followed. 


Routine Charging 

29. When arranging batteries for charging, 
they are placed on insulating grids laid on 
the charging bench and connected in series 
in a single line, with the supply leads from 
the charging board terminals connected to 
opposite ends of the line, positive to positive 
and negative to negative. A voltage of 
2-8 V must be allowed for each cell so that 
the maximum number of lead-acid cells 
which can be connected in series for charging 
is found by dividing the charging voltage 
by 2:8. Batteries of the same capacity should 
be connected to one pair of charging terminals 
and the charging rate adjusted by the 
rheostat. The charging rate may be given 
by the manufacturers; where this is not done, 
the batteries should be charged at the 
ten-hour rate (i.e., 40 Ah batteries should 
be charged at 4 amps.). The charge is 
continued at the prescribed rate until the 
voltage of each cell on charge rises to 2-7 V 
and the S.G. rises to the level given by the 
manufacturer (commonly [-27). These two 
figures should remain constant for at least 
one hour before the battery is taken off 
charge. Further, when charging is complete 
it is indicated by the liberation of gas bubbles 
at the plates. Free gassing is, therefore, a 
third sign of the completion of the charge. 
The detailed procedure for routine charging 
of lead-acid batteries is given in R.A.F. 
Poster No. 20. 


ALKALINE CELLS 

Principle 

30. Lead-acid batteries require a con- 
siderable amount of careful servicing to 
maintain them in good condition. They are 
adversely affected by high rates of charge 
and discharge, and they suffer from 
sulphation if allowed to stand in a discharged 
condition for considerable periods. Where 
a battery is required to withstand such 
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conditions it is sometimes possible to make 
use of another form of secondary cell, the 
alkaline cell. An alkaline battery differs 


from a lead-acid battery in that it uses an 


alkaline instead of an acid electrolyte, and 
different electrode materials. The funda- 
mental principle of this type of battery is the 
oxidation of metals in a solution of potassium 
hydroxide (caustic potash). The electrolyte 
does not combine with, nor does it dissolve, 
the metals. 


Construction 


31. A typical alkaline cell is constructed as 
shown in Fig. 7. 





Fig. 7.—CONSTRUCTION OF ALKALINE CELL 


(a) Plates. The active material in the 
positive plates is nickel hydroxide mixed 
with graphite, while that in the negative 
plates is a mixture of cadmium oxide and 
iron oxide. The active materials are 
compressed into briquettes under high 
pressure and held in steel ‘pockets’ in 
nickel plated steel frames. This method 
prevents shedding of the active material. 


(6) Separators. Ebonite rods or per- 
forated sheet ebonite are used as separators. 


(c) Containers. These are made of welded 
steel, plated on the outside to prevent 
rusting. Since the container is in contact 
with the electrolyte it is ‘alive’, and care 
must be taken to avoid accidental short 
circuit to the steel case. The container 
is Closed at the top and capable of being 
made airtight. 


(d) Vent plugs. Cells may be fitted with 
solid stoppers, gas relief valves or un- 
spillable vents. Gas relief valves allow 
the escape of gases given off during 
charging, but prevent the entry of air 
which causes deterioration of the electro- 


lyte. 


(e) Electrolyte. Potassium hydroxide is 
nel? ie in solid form in airtight containers 
and is dissolved in distilled water to the 
S.G. given on the maker’s instruction label 
for the particular battery (commonly 
S.G. 1-19). 


Chemical Action 


32. During discharge, the active material 
in the negative plate becomes oxidized, 
while that in the positive plate is reduced 
from a higher to a lower oxide of nickel. 
During charge, the active material in the 
positive plate becomes more highly oxidized, 
while that of the negative plate is reduced 
in oxidation. The chemical actions are 
therefore, reversible. The electrolyte takes 
no active part in the chemical action, the 
S.G. remaining constant throughout the 
cycle. 


Indications of Charge and Discharge 

33. Since there is no variation in the S.G. 
of the electrolyte during the charge-discharge 
cycle, and since gassing on charge is con- 
tinuous, the only indication of the state of 
charge of a cell is the terminal p.d. Fig. 8 
shows how the terminal p.d. varies with 
time during charge and during discharge. 
From these curves it is seen that:— 


(a) The terminal p.d. of a fully charged 
cell on charge should be 1-7 V approxi- 
mately. 


(b) The terminal p.d. of a fully charged 
cell on normal load should be between 
1-2 V and 1:3 V approximately. 

(c) The terminal p.d. of a fully discharged 
cell on load is 1-1 V approximately. 
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Fig. 8—VARIATION OF TERMINAL P.D. WITH 
TIME FOR ALKALINE CELL 


Faults in Alkaline Cells 


34. Alkaline cells are relatively trouble-free | 


owing to the robust construction of the 
plates and containers and to the nature of 
the materials used. The most common fault 
is loss of capacity; this is caused in most 
cases by undercharging, or by allowing the 
cell to stand idle. The active material then 
becomes less soluble. A full charge at two 
or three times the normal rate will loosen 
the active material and restore the capacity 
of the cell. There is no danger of the heavy 
current causing the plates to ‘shed’ their 
active material since the latter is contained 
in steel pockets in the plates. High charging 
currents, overcharging or high discharge 
currents will not normally cause any damage. 


35. A little electrolyte is lost from all cells 
by gassing and the S.G. is reduced by topping 
up with distilled water. The minimum 
allowable S.G. is 0:03 below the value given 
in the instruction label, and when the S.G. 
is less than this level it is necessary to change 
the electrolyte completely. 


Charging 

36. Alkaline batteries are usually supplied 
fully charged and filled with electrolyte. 
When it is necessary to give an initial charge, 
the cells must be filled immediately the 
sealing plugs have been removed, and the 
initial charge carried out according to the 
maker’s instructions. When the battery is 
in service, routine charging should be given 
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when necessary. The charge is considered 
to be complete when the terminal p.d. per 
cell has remained constant on charge at 
approximately 1-7 V for a period of one to 
two hours. Moderate overcharging is often 
beneficial in overcoming sluggishness. Idle 
cells should be charged at least every six 
months. Maker’s instructions should be 
followed in all these operations. If such 
instructions are not available the procedures 
detailed in R.A.F. Poster No. 21 should be 
followed. Poster No. 21, which provides 
information on the treatment of alkaline 
batteries, should be prominently displayed in 
ail R.A.F. battery charging rooms. 


Note:—On no account must acid-contamin- 
ated equipment be used in connection 
with alkaline batteries, or vice versa. 
For this reason it is preferable to have 
separate charging rooms for lead-acid 
and for alkaline batteries. Where 
only one charging room is available, 
the two types of batteries must ve 
separated by at least three feet, and 
the servicing equipment kept separate. 


Comparison of Alkaline with Lead-acid 
Cells 
37, Advantages. 
(a) Longer life. 
(b) More robust. 


(c) Will stand for long periods without 
deterioration. 

(d) Able to retain charge for much longer 
periods 

(e) Higher permissible working tempera- 
ture. 

(f) Higher permissible charging rate; in- 
sensitive to overcharging. 


(g) Over-discharge has no permanent ad- 
verse affect. 


(h) The capacity is not affected by high 
rates of discharge. 


(i) Lighter in weight for a given capacity. 


38. Disadvantages. 
(a) Lower cell voltage, requiring more cells 
per battery for a given voltage. 


(b) Greater percentage range of voltage 
during charge and discharge cycle. 


(c) Higher internal resistance. 
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(d) Loss of capacity at low temperature. 
(e) Increased weight for a battery of given 
voltage. 


(f) Containers are alive, and require 
effective insulation. 


(g) Must be kept sealed to prevent deter- 
ioration of the electrolyte. 


(h) Greater initial cost. 


Use of Secondary Batteries 


39. Secondary batteries, particularly of the 
lead-acid type, have a large number of uses 


in the Service. Two of their main uses in 
radio engineering are:— 


(a) Providing a d.c. supply in aircraft. In 
addition to supplying electrical circuits in 
the aircraft, these batteries may be used to 
operate rotary machines which provide 
h.t., g.b., and Lt. supplies for certain radio 
equipment. 

(6) Providing a means whereby a standby 
power system for low power ground com- 
munication equipment may be run in the 
event of failure of the mains supply. 
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PART 1A SECTION 9, CHAPTER 2 
MECHANICALLY-DERIVED POWER SUPPLIES 


Introduction 


1. Electrical power supplies that are ob- 
tained from machines by virtue of the physical 
movement of the latter are said to 
mechanically derived. Mechanically-derived 
power supplies include those obtained from 
rotary machines and vibrator units, both of 
which are considered in this Chapter. Such 
supplies are in general use:— 


(a) in aircraft or on other mobile systems 
as the main or as the auxiliary source of 
supply for radio equipment. 

(6) for static equipment, as a standby in 
the event of failure of the mains supply. 


Aircraft General Supplies 

2. Virtually all the electrical supplies for an 
aircraft are obtained initially from generators 
that are driven by the aero-engines. Such 
generators, referred to as engine-driven gen- 
erators, are the concern of the Electrical 
Fitter and will not be considered in these 
Notes. The supplies available from the 
engine-driven generators in modern aircraft 
are of two types:— 


(a) A d.c. supply, where batteries are 
included in the circuit to act as a standby 
in the event of failure of the generators and 
as a ‘float’ to regulate the load on the 
generators. 


(b) A single-phase a.c. supply, in which the 
frequency of the supply varies with the 
speed of the aero-engine. 


3. Where a constant frequency a.c. supply is 
required, an inverter is used. This consists 
of a combined d.c. motor and a.c. generator 
run at a constant speed from the aircraft d.c. 
supply to give the required a.c. output. 
This may be single-phase or three-phase 
depending on the requirements. The a.c. 
supplies in an aircraft may be applied to 
radio equipments that are provided with 
‘rectifiers’ (see Chap. 3) from which the 
necessary d.c. supplies are obtained. 


Built-in Rotary Transformers 

4. A large number of mobile radio equip- 
ments have built-in rotary machines which 
operate from a low voltage d.c. supply. A 






D.C. 
SUPPLY 


Fig. 1.—TYPICAL ROTARY TRANSFORMER 
CIRCUIT 


typical example is shown in Fig. | where a 
rotary transformer is used to provide h.t. 
and g.b. supplies for the equipment, the Lt. 
supply being obtained direct from the d.c. 
source. A ‘filter’ circuit (L,C,) is inserted in 
the input circuit to the motor to prevent high 
frequency noise currents, caused by sparking 
at the motor commutator, from feeding back 
into the d.c. supply. The high reactance of L, 
and the low reactance of C, to such high 
frequency components shunts such com- 
ponents to earth. Similar filters are inserted 
in the output circuits. 


Carbon Pile Regulator 


5. Purpose. The carbon pile regulator is 
used to control and regulate the voltage 
applied to a circuit despite wide variations in 
the supply voltage. In a typical system, for 
variations in the d.c. supply voltage between 
22 volts and 29 volts, the voltage applied to 
a circuit is stabilized at 18 volts, plus or 
minus 1 volt. 


6. Construction. A simplified construction 
of a carbon pile regulator is shown in Fig. 2. 
It consists of three major portions—the 
electromagnet, the armature unit and the 
pile unit. 
(a) Electromagnet. This has a cylindrical 
yoke (containing the coil windings), a 
detachable end plate and a cylindrical iron 
core. 


(b) Armature unit. This is attached to a 
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multi-leaved spring connected to the frame. 
A recessed plunger is mounted on, but 
insulated from, the armature and in the 
recess is fitted a carbon insert which makes 
contact with one end of the carbon pile. 
A terminal screw on the plunger gives one 
external connection to the pile. 


(c) Pile unit. This is housed in a ceramic 
tube, the number, size and thickness of the 
carbon washers varying according to the 
type of regulator. A carbon insert, sup- 
ported in an adjustable compression screw, 
makes contact with the outer end of the 
pile. The second external connection to 
the pile is made from a terminal screw on 
the compression screw bracket. 
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Fig. 2.—CONSTRUCTION (SIMPLIFIED) OF 
CARBON PILE REGULATOR 


7. Action. Carbon has a granular surface 


and the resistance between two pieces of 


carbon depends not only upon the area of the 
faces in contact, but also upon the pressure 
with which the pieces are held together. For 
a pile of carbon washers, the resistance 
between the ends when the pile is tightly 
compressed may be as low as 5 ohms, 
rising to 90 ohms when the pressure on the 
washers is removed. Thus, if means are 
available to vary the pressure on a carbon 
pile, its resistance will vary and so also will 
the voltage drop developed across it when 
a current is established. 


8. From Fig. 2 it is seen that the pressure 
acting on the carbon pile is dependent on 
two factors, namely:— 


(a) the attactive force exerted by the 





electromagnet on the armature; this is 
determined by the current in the coil 
windings, an iicrease in current resulting 
in an increased attractive force on the 
armature and therefore a reduction in the 
pressure on the carbon pile. The resist- 
ance of the pile is thereby increased. 


(b) the force exerted by the plate spring 
on the armature; with no current in the 
coil windings, the tension on the spring is 
such that the resultant pressure on the 
carbon pile gives the required minimum 
value of resistance. 


9. Consider the circuit of Fig. 3. If the 
supply voltage falls below 28 volts, the 
current through the electromagnet winding 
falls. The attraction of the armature by the 
magnet core, is, therefore, reduced and the 
spring further compresses the pile, thereby 
decreasing the pile resistance. The voltage 
drop across the pile is then reduced. Since 
the carbon pile and the electromagnet 
winding are in series across the supply 
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Fig. 3. 
ACTION OF CARBON PILE REGULATOR 


voltage and since the output is taken across 
the coil winding (with R, in series), the 
output voltage remains substantially constant, 
the decreased voltage drop across the pile 
compensating for the fall in supply voltage. 
A rise in supply voltage above 28 volts has 
the reverse effect; that is, the magnetic force 
initially exceeds the spring force and the 
movement of the armature reduces the 
compression of the pile to increase the 
resistance of the latter. The increased 
voltage drop across the pile compensates for 
the rise in supply voltage and keeps the 
output voltage constant within certain limits. 


The resistance R, is a pre-set control which 
is adjusted to give the correct output voltage 
for an input voltage of 28 volts. The 
resistance R, acts as a shunt on the carbon 
pule to limit the current through the latter. 


Standby Supplies for Ground Equipment 


10. At static ground stations it is usual to 
install a standby power supply to be used 
in the event of failure of the mains supply. 
The standby equipment may consist of a 
gasoline or diesel engine driving a generator 
which provides the appropriate a.c. or d.c. 
supply. Such installations are also used for 
mobile stations. 


Vibrator Units 


ll. The voltage of an a.c. supply can be 
stepped up or down as required by the use 
of transformers. This cannot be done with 
d.c., and if the source of power is a low 
voltage battery some other means must be 
found for stepping this up to the required 
h.t. supply. A rotary transformer may be 
used as previously explained. Alternatively, 
a vibrator unit may be used to change the 
d.c..to a low voltage a.c. supply which can 
then be stepped up by a transformer and dealt 
with as the normal mains supply. The way 
= ' which a vibrator does this is described 
ow. 


12. Fig. 4 shows the simplified circuit ofa 
vibrator known as the series-drive type. 
Other types are available but the action of 
all types is similar. In the idle or rest 
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Fig. 4.—SERIES-DRIVE TYPE VIBRATOR 


position, the armature is connected through a 
contact to the vibrator coil. When the d.c. 
supply is connected, magnetising current is 
established in the coil and the armature is 
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attracted to the top contact. Current is 
thus established in the top half of the trans- 
former primary winding. This movement 
also breaks the circuit of the magnetising coil 
so that the armature is released. It therefore 
travels back through its rest position and, 
owing to its momentum, continues on to the 
lower contact. The armature is now in 
contact both with the lower contact and the 
coil contact. Current is thus established in 
the lower half of the transformer primary 
winding in the reverse direction to the pre- 
vious pulse, and at the same time the mag- 
netising coil is energised. The armature 
returns to the top contact and the cycle 
begins again. The current in the transformer 
primary consists: of reversals of d.c. pulses 
which have the same effect as ordinary a.c. 
and produce the required high alternating 
voltage across the secondary. 


13. The transient voltage surges in vibrator 
circuits contain radio frequency noise com- 
ponents which cause interference in any 
near-by radio equipment. The methods used 
to suppress this interference include:— 
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Fig. 5.—SUPPRESSION CIRCUITS 


(a) Magnetic and electrostatic shielding. 
(6) Good earthing. 


(c) Radio frequency filtering in the leads 
to and from the vibrator. 


The action of filter circuits will be considered 
fully in later Sections. However, in Fig. 5 
the high reactance of the r.f. chokes L, and L, 
and the low reactance of the capacitors C, 
and C, to radio frequency noise components 
reduce such components in the output. 
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14. The construction of a series-drive type 
vibrator is shown in Fig. 6. The metal can 
of the vibrator provides the necessary 
screening and also hermetic sealing. Without 
the latter, the vibrator may easily stop in a 
humid or a rarefied atmosphere because of 
deterioration of the contacts. The frequency 
of the a.c. produced by a vibrator is generally 
of the order of 100 c/s. It depends principally 
on the mechanical inertia of the reed and the 
electrical characteristics of the coil. Vibrator 
units may be used to provide h.t. supplies 
in lieu of h.t. batteries, or as a standby 
supply for low power equipment on the 
ground in the event of failure of the mains 


supply. 
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PART 1ASECTION 9, CHAPTER 3 
ELECTRONIC POWER SUPPLIES 


Introduction 

1. Where the sources of power supply 
give d.c. voltage they can be used directly as 
h.t., 1.t. and g.b. supplies to radio equipment. 
Where the source of power is a.c., means 
must be found for converting the a.c. input 
te the required d.c. output. This process 
is termed ‘rectification’ and the devices used 
to provide rectification are known as 
‘rectifiers’. The general symbols for a 
rectifier are shown in Fig. 1. ; 


+ + 
—»|- OR > 
Fig. 1.-—-GENERAL SYMBOLS FOR A RECTIFIER 


2. A rectifier is an electrical conductor with 
non-linear characteristics; that is, a device 
having a low resistance in one direction and 
a high resistance in the reverse direction 
so that current can flow much more easily 
through the device in one direction than in 
the other. The rectifiers considered in this 
Chapter are:— 

(a) Hard-vacuum diode valves. 

(b) Gas-filled diode valves. 

(c) Metal rectifiers. 

(d) Mercury-arc rectifiers. 


Hard-vacuum Half-wave Rectifier 


3. The basic action of a diode as a rectifier 
is described in Sect. 8, Chap. 1, where it is 
shown that the application of a.c. to a diode 
results in a uni-directional voltage being 
developed across the load. A practical half- 
wave rectifier circuit is shown in Fig. 2(a). 
A transformer is used for supplying the 
rectifier valve. Winding CD is a step-down 
low voltage winding which provides the 
cathode heating power. It is centre-tapped 
so that the alternating 1.t. supply is not 
superimposed on the d.c. voltage developed 
across the load. Winding AB is the ht. 
winding, the voltage of which is determined. 
by the turns ratio according to the output 
voltage required. On the half-cycle when A 
is positive with respect to B the diode 
conducts and the current established develops 
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Fig. 2-—HALF-WAVE RECTIFICATION 


a p.d. across the load in the polarity shown. 
On the next half-cycle, when A is negative 
with respect to B, the diode is cut off and no 
voltage is developed across the load. Thus, 
in half-way rectification, the diode conducts 
only on alternate half-cycles. The appro- 
priate waveforms are shown in (b) and (c) 


A.C.INPUT~ 





e 
Fig. 3—INDIRECTLY-HEATED DIODE 
HALF-WAVE RECTIFIER CIRCUIT 
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of Fig. 2. The circuit of a half-wave diode 
rectifier using an indirectly-heated cathode is 
shown in Fig. 3. This avoids the necessity 
for the centre-tap on the 1.t. winding, but 
indirectly-heated diodes can be used only 
when the power requirements are low. Note 
that in any valve rectifier circuit, the cathode 
is the positive terminal for the output. 


Hard-vacuum Full-wave Rectifier 

4. This uses two diodes arranged as shown 
in the circuit of Fig. 4 (a). The secondary 
h.t. winding is centre-tapped at C, and the 
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Fig. 4.—FULL-WAVE RECTIFICATION 


anodes of the two diodes are connected to 
opposite ends A and B. On one half-cycle 
of the a.c. input, when A is positive with 
respect to C, B is equally negative with 
respect to C. Thus Vi conducts and V, is cut 
off. Electrons flow from .V: cathode to Vi 
anode, through the top half (AC) of the 
secondary h.t. winding, through the load 
and back to V: cathode, developing a pulse 
of voltage aeross the load in the polarity 
shown. On the next half-cycle of the a.c. 
input, the polarity of the voltage across 


AB is reversed, so that V: is cut off and V2 
conducts. Electrons flow from V, cathode 
to V, anode, through the bottom half (BC) 
of the secondary h.t. winding, through the 
load in the same direction as on the previous 
half-cycle and back to V, cathode. The 
pulse of voltage developed across the load 
is, therefore, of the same polarity on each 
half-cycle and the a.c. input has been rectified 
to give a uni-directional voltage across the 
load as shown in Fig. 4 (c). 


5. In full-wave rectification, each half-cycle 
is effective. However, since the secondary h.t. 
winding is centre-tapped, the voltage applied 
to each valve has a maximum value equal 
to half the peak value of the a.c. developed 
across the secondary winding AB. The 
voltage across the load is Jess than this value 
because of the voltage drop across the 
working impedance of the conducting diode. 
The voltage across the secondary h.t. winding 
is usually given in r.m.s. values as, say, 
300 — 0 — 300 volts to indicate the centre- 
tap. Instead of using two separate diode 
valves, a double diode valve may be used as 
shown in the circuit of Fig. 5. In this 
circuit, D: conducts on one half-cycle and 
D, conducts on the alternate half-cycle, to 
give a uni-directional voltage across the load. 


A.C. INPUT~ 





Fig. 5.—-DOUBLE DIODE FULL-WAVE 
RECTIFIER CIRCUIT 


Smoothing Circuits 

6. The outputs of half-wave and full-wave 
rectifier circuits have the waveforms shown 
in Fig. 2(c) and Fig. 4(c) respectively. This 
pulsating d.c. is of little practical value 
since radio equipments require a steady 


d.c. voltage for their operation. In order 
to obtain such an output, a smoothing circuit 
is inserted between the rectifier and the 
load. A smoothing circuit is a filter which 
removes any unwanted alternating component 
to ensure a steady d.c. voltage across the 
load. The two main types of smoothing 
circuit used are described in the following 
paragraphs. 


7. Capacitor input filter. The circuit of a 
half-wave rectifier with a ‘z-type’ (capac- 
itor input) filter is shown in Fig. 6(a). With 
the load disconnected, the ‘reservoir’ capacitor 
C, charges to the peak value of the voltage 
appearing across the transformer secondary 
h.t. winding, as shown in Fig. 6(b). Current 
flows in the rectifier only when the secondary 
h.t. voltage rises above the voltage to which 
the capacitor is charged, so that the current 
gradually diminishes as shown in Fig. 6(c), 
finally ceasing when the capacitor is fully 
charged. 
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Fig. 6.—CAPACITOR INPUT FILTER, OFF LOAD 


8. When the rectifier is connected to a load, 
the current drawn by the load starts to 
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Fig. 7.~—CAPACITOR INPUT FILTER, ON LOAD 


discharge C; as indicated by the downward 
slope from A to B in Fig. 7(a). C; can 
recharge only when the transformer voltage 
rises above its own voltage. During this 
phase (B to C) C, has to receive enough 
charge to keep the load supplied continuously 
throughout one cycle. The value of C; is 
important :— 
(a) If C, 1s small it will lose voltage 
rapidly between a.c. peaks the result being 
a much lower average output voltage at 
full load than at no load; that is, the 
‘regulation’ is poor (see Para. 11). In 
addition, there is a large ripple on the 
output voltage. 


(b) If C, is large enough to hold the output 
voltage well up on load the period repre- 
sented by BC in Fig. 7(a) is only a small 
fraction of the cycle, and since the capacitor 
must receive its full charge during this 
short period, the peak current through the 
rectifier is many times greater than the 
steady load current, and damage may 
result. 


In practice, a value of 8uF is typical for C, 
for power supplies of 50 c/s. 


9. The voltage across the reservoir capacitor 
C; on load is a steady d.c. voltage which is 
almost equal to the peak value of the voltage 
applied to the valve, with a ripple super- 
imposed. In half-wave rectification the 
frequency of the ripple component is that of 


A.P, 3302, Parr1A Secr. 9, Cuap, 3 


the supply. The voltage developed across 
C,; is supplied to the iron-cored choke L 
and the smoothing capacitor C, connected 
in series to form a potentiometer across the 
rectifier output. At zero frequency (i.e,, for 
d.c.) the inductance offers a low impedance 
while the capacitor offers an infinite imped- 
ance; thus, practically the whole of the d.c. 
voltage is developed across Cz; and applied 
to the load. For the alternating ripple 
component, however, the inductance offers 
a high impedance, and the capacitor a low 
impedance; only a fraction of the ripple 
voltage thus appears across Cz and across the 
load. Values for L and C2 are dependent 
on the degree of smoothing required and 
are in the range 1H to 30H, and 4zF to 
50pF respectively. 
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Fig. 8—RIPPLE FACTOR 


10. The ‘ripple factor’ is a term used to 
describe the amount of ripple present in the 
output and is given by :— 


Ripple factor=R.M.S. Alternating Ripple 
Rectified D.C. Output 
X 100 (per cent). 
For example, in Fig. 8, if the superimposed 
ripple is 3 volts r.m.s., the ripple factor is:— 


3 
gp X 100 = 3-75 %. 


ll. Fig. 9 shows the graph of output voltage 
plotted against load current for a half-wave 
rectifier employing a capacitor input filter. 
This graph indicates that the regulation of 
such a system is poor since the d.c. voltage 
available at the output terminals falls 
steadily with increased load. 


12. The action of a capacitor input filter 
in a full-wave rectifier circuit is similar to that 
for a half-wave rectifier with the exception 
that:— 
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Fig. 9.—REGULATION, CAPACITOR INPUT 
FILTER 


(a) The frequency of the ripple is twice 
that of the supply since, during one cycle 
of the a.c. supply, there are two uni- 
directional output pulses. Smoothing is 
therefore more efficient as the reactance 
of the smoothing choke is proportional 
to frequency, while that of the smoothing 
capacitor is inversely proportional to 
frequency. 

(b) The amplitude of the ripple is less 
since the discharge of the reservoir capac- 
itor occurs over only half the period of that 
of a half-wave rectifier. 


(c) The output voltage approximates to 
half the peak voltage developed across the 
transformer h.t. winding because of the 
centre-tap. 


13. Choke input filter. The circuit of a 
full-wave rectifier with an ‘L-type’ (choke 
input) filter is shown in Fig. 10(a). A choke, 
being a device which tends to maintain a 
constant current, will not permit sudden 
pulses of charging current such as those that 
occur with a capacitor input filter. The 
output of a full-wave rectifier has the wave- 
form shown in Fig. 10(b). These pulses of 
d.c. consist of a steady d.c. component, equal 
to the mean value of the pulses, plus a number 
of alternating components. If this wave- 
form is applied to the load via the choke 
input filter the d.c. component is virtually 
unaffected by the choke, so that a d.c. voltage 
equal to the mean value of the output pulses 
is developed across C; and hence across the 
load. The mean value of such a waveform 


is * or 0°64 times the peak value. At the 
frequencies of the various ripple components, 
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Fig. 10.—CHOKE INPUT FILTER 


the inductance offers a high reactance and 
the capacitor offers a low reactance; only 
a fraction of the ripple voltage, at a frequency 
twice that of the input, appears across C; 
and thus across the load. 


14. The difference in voltage between the 
a.c. applied to each diode and the steady 
d.c. output is absorbed mainly by the choke. 
Fig. 11 shows the form of the current through 
the choke, from which it is seen that the 
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rectifier current is equal to the load current 
with a double-frequency ripple superimposed. 
If the load impedance is reduced so that the 
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steady d.c. current increases, the rectifier 
cufrent increases in similar proportion. 
However, since the amplitude of the ripple 
component is unaffected, the voltage drop 
across the choke remains tolerably constant, 
as does the output voltage. If, however, the 
load current is reduced to such a val ie that 
the ripple amplitude is greater than the 
steady d.c. load current, current ceases 
altogether at the troughs of the ripple. 
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Fig. 12.—REGULATION, CHOKE INPUT FILTER 


Under such conditions there is no voltage 
developed across the choke and the output 
voltage then rises towards the peak value 
of the applied ac. The graph of output 
voltage plotted against load current, which 
indicates the regulation of the system, is 
shown in Fig. 12. 


15. To prevent the sharp rise in output 
voltage at low values of load current:— 


(a) Chokes, which give a rise in inductance 
value as the load current decreases, can be 
constructed. Such chokes are known as 
‘swinging chokes’. They have no air gap 
in the iron core so that at low values of 
load current the inductance is high, but 
as the load current increases the core 
saturates to’give a lower value of induct- 
ance (see Book 1, Sect. 7 Chap, 3 


(b) A bleeder resistance can be connected 
in parallel with the smoothing capacitor to 
ensure an adequate minimum value of 
load current. 


16. The choke input filter is seldom used 


in half-wave rectifier circuits since it is then 
very difficult to maintain the necessary con- 
tinuous current through the choke for 
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satisfactory operation because 
suppressed _half-cycle. 


of the 


17. Comparison of filters. In comparison 
with the capacitor input filter, the choke 
input type:— 
(a) has good regulation from full load 
down to the critical value of load (compare 
Fig. 9 and Fig. 12); 
(6) prevents high amplitude charging cur- 
rent pulses, thereby reducing danger of 
damage to the rectifier; 


Capacitor Input Filter 


Half-wave 
D.C. Output 650 V 





Full-wave 
325 V 


to its cathode by Ep across AB plus Ep 
across C;. The peak inverse voltage across 
the rectifier is thus 2 Ep. This voltage may 
be very large and the circuit must be so 
designed that the peak inverse voltage is 
insufficient to damage the valve. Similar 
reasoning applies for choke input filters and 
for full-wave rectifier circuits. 


Full-wave Bridge Rectifier 
19. The full-wave circuit previously des- 


cribed suffers from the disadvantage that 

Choke Input Filter 
Half-wave 
416 V 


Full-wave 


208V 





Table {.—OUTPUT VOLTAGES 


(c) gives a lower value of output voltage, 
approximating to the mean value of the 
uni-directional pulses. 


Table 1 gives approximate output voltages 
for the systems discussed, when the alter- 
nating voltage across the transformer 
secondary h.t. winding is 460 volts r.m.s. or 
650 volts peak. These figures neglect 
voltage drops in the valves and in the 
smoothing circuit. 


Peak Inverse Voltage 


18. The peak voltage across a diode in the 
reverse direction during the non-conducting 
portion of the cycle is known as the ‘peak 
inverse voltage’. Fig. 13 shows the circuit 
of a half-wave rectifier with a capacitor input 
filter. On no load, the reservoir capacitor C; 
charges to the peak value Ep of the alternating 
voltage developed across AB. At the peak 
of the half-cycle during which the valve 
is cut off, the anode is negative with respect 
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only half the voltage across the transformer 
secondary is effectively applied to the load 
because of the centre-tap. This disadvantage 
is overcome by arranging four rectifiers in a 
bridge circuit as shown in Fig. 14. The 
secondary of the transformer is connected 
to two opposite junctions, and the load is 
connected as the other diagonal. When the 
end X of the transformer is positive, current 
is established, the electron flow being 
through diode B, the transformer secondary, 
diode C, the reservoir capacitor C; and back 
to diode B. During this half-cycle, diodes 
A and D are cut off, and the reservoir 
capacitor charges to the peak value Ep of 
the applied voltage. On the next half- 
cycle, when Y is positive, diodes A and D 
conduct to charge C; in the same direction 
as previously. This is similar to normal 
full-wave rectifier action except that:— 


(a2) no centre-tap on the transformer 
secondary is required, and for the same 
output voltage the input voltage may be 
halved; 


(b) the peak inverse voltage is developed 
across two valves in series and a higher 
inverse voltage is, therefore, permissible; 


(c) four valves are now required. 


Voltage Doubler 


20. Fig. 15 (a) illustrates the circuit of one 
type of voltage doubler. The valves are so 
arranged that they conduct on alternate 
half-cycles to produce across the load a 
voltage which is approximately twice that 
across the secondary winding of the trans- 
former. When A is positive with respect to 
B, V. is cut off and V; conducts to charge C; 
in the polarity shown. When A is negative 
during the next half-cycle, Vi is cut off and 
V2 conducts to charge C2 in the polarity 
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Fig. 15.—VOLTAGE DOUBLER CIRCUIT 


shown. Thus, C; and Cz have each charged 
to approximately the peak value of the 
alternating voltage across the secondary, as 
shown in (b) and (c) of Fig. 15. Since Cy 
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and C, are in series with respect to the load, 
the d.c. voltage applied to the reservoir 
capacitor Cs is equal to twice the peak value 
of the secondary voltage, neglecting the 
voltage drop across each valve. The peak 
inverse voltage across each valve in a voltage 
doubler circuit is equal to twice the peak 
input voltage. This, and similar systems, 
may be used in cascade to give four-fold to 
eight-fold increases in voltage. High 
voltages, of the order of kilovolts, can thus 
be obtained, but the current that this type 
of circuit is capable of supplying is relatively 
small—up to about 100 mA. 


Regulation 

21. The regulation of a rectifier is defined 
as the fall or rise in voltage at the output 
terminals caused by a variation in the 
amplitude of the current through the internal 
impedance of the rectifier. Such a variation 
in current may result from:— 


(a) a variation in the input supply voltage; 
(6) a variation in the load. 


Voltage regulation is normally expressed as 
a percentage of the no load voltage. Thus:— 


; Ep—V, 
Regulation= 
egulation= 





x 100 (per cent). 


Output voltage off load. 
Output voltage on full load. 


where Ep 


L 
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Voltage Stabilizers 


22. Gas-filled diode. In order to improve 
the regulation of a rectifier whose output 
voltage decreases as the load current in- 
creases, it is normal to insert a voltage 
stabilizer. A typical arrangement using a 
cold-cathode gas-filled diode is discussed in 
Sect. 8, Chap. 4, and the circuit is repeated 
in Fig. 16(a). It is so arranged that on 
switching on, sufficient voltage is developed 
across V to enable it to strike, and the 
voltage across the load immediately drops to 
the working value for the diode (Fig. 16(b)). 
If the load current changes due to a change 
in R,, the current through V adjusts itself 
so that the total current and the output 
voltage remain substantially constant. Simi- 
larly, any change in the input voltage 
produces a change in current in R, and V, 
but no change in the voltage across, nor in 
the current in, the load resistance R,. 
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Fig. 16.—COLD-CATHODE GAS-FILLED 
DIODE STABILIZER 


23. Hard valve stabilizer. A circuit using 
a hard valve voltage stabilizer is illustrated 
in Fig. 17. By using such a circuit, the output 
voltage will be substantially constant at some 
chosen value, irrespective of changes in the 
a.c. supply voltage or in the d.c. load current. 
The circuit depends for its operation on the 
variation of the d.c. resistance of a triode 
valve connected in series with the load. A 
reference voltage E,, developed across a 
cold-cathode gas-filled diode, is applied to 
the cathode of a pentode valve V2, while a 
voltage E,, proportional to the output 
voltage E,, is applied to V2 grid. The 
potentiometer R, is so adjusted that, when 
the output voltage has the desired value, 
E, = E,. If the output voltage rises, E, 
rises and the consequent rise in anode 
current in V2 causes a reduction in V2 anode 
voltage and in V; grid voltage. By making 
the grid of V: more negative with respect to 
its cathode in this way, the effective d.c. 
resistance of the valve is increased, and the 
increased voltage drop across V: causes the 


output voltage to fall to its original level. 
The action is similar, but with the polarities 
reversed, for an initial fail in output voltage. 
The potentiometer chain Rs, R, and Rs; is 
chosen so that Ry can be adjusted to set the 
output voltage E, for a given load and permit 
adequate stabilization about that setting. 
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Current Stabilizers 


24. Since the resistance of a metallic 
conductor increases with temperature, the 
current actually established in a wire which 
has reached a steady temperature is Jess than 
the value of current calculated from the 
‘cold’ value of the resistance. Current 
stabilizers are designed to keep the current 
in a circuit steady at the intended value in 
spite of considerable voltage fluctuations. 
Thus, an increase in voltage would resuit in 
an initial rise in current, but the consequent 
increase in temperature, and hence resistance, 
tends to reduce the current to its original 
level and stabilization is achieved. The most 
common form of current stabilizer is the 
‘barretter’, which is a lamp with a special 
filament of iron wire in a bulb filled with 
hydrogen, as shown in Fig. 18(a). The 
reasons for gas filling are to prevent oxidation 
of the filament and to permit rapid removal 
of heat and, therefore, speedy stabilization. 
The symbol for a barretter is illustrated in 
Fig. 18(b). Fig. 18(c) shows the voltage- 
current characteristic of a barretter working 
at 0-4 amps over a voltage range of 50 to 
100 volts. The barretter, depending for its 
action on the generation of heat, is wasteful 
of power and its use is usually limited to 
essential circuits. 
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Gas-filled Diode Rectifiers 


25. The mercury-vapour diode, and other 
hot-cathode gas-filled diodes, are discussed 
in Sect. 8, Chap. 4 where it is shown that 
such valves have certain advantages and 
certain limitations in relation to the hard- 
vacuum diode. The hot-cathode mercury- 
vapour diode may be used in any of the 
rectifier circuits considered in the preceding 
paragraphs, but in practice it is normally 
used when voltages in excess of 1,000 volts a 
currents in excess of 0-5 amps are required. 
The advantages resulting from the use of a 
mercury-vapour diode are:— 


(a) Lower voltage drop in the valve so 
that the rectifier efficiency is increased. 


(6) Higher power outputs are possible. 
26. Disintegration of the cathode emitting 


surface may occur if the voltage drop in a 
mercury-vapour diode is allowed to rise above 


VOLTACE about 22 volts. This may result from:— 
VOUT : 
o) . (a) Over-running the vaive; that is, allow- 
ing the load current to exceed, even 
Fig. 18.—BARRETTER, CURRENT STABILIZER momentarily, the peak rated current for 
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the valve. Overload relays may be in- 
included to prevent this. 


(b) Applying the h.t. supply to the anode 
before the cathode has been brought to the 
correct operating temperature. Thus is 
normally prevented by including an auto- 
matic ‘time delay’ in the h.t. supply lead. 


(c) Switching off the cathode heater supply 
before the h.t. 1s disconnected.  Inter- 
locking of anode and heater switches is 
widely adopted as a safety measure. 


27. It is normal to use a choke-input filter 
with mercury-vapour rectifiers to prevent 
sudden pulses of charging current (see Para. 
13). Such pulses, if excessive, would damage 
the valve as stated above. A typical circuit 
for a full-wave rectifier employing mercury- 
vapour diodes is illustrated in Fig. 19. On 
closing the main ‘on-off’ switch, the appro- 
priate voltages are developed across the 
secondary windings, the lt. supply and the 
supoly for the time delay relay being immed- 
iately availabie. After a time delay, 


7 


EL 
dependent on the setting of contacts 


REL 1/1 and REL 1/2 close to apply h.t. to 
the anodes of V,; and Ve. The d.c. output 
voltage is then available. Should the 
current taken by the load exceed a certain 
maximum safety level, the overload relay 


CBl os 
—~y— operates to open the circuit-breaker 


contacts CB 1/1 and CB 1/2 and disconnect 
the h.t. suppiy from the valves. The circuit- 
breaker contacts are re-set by hand after the 
cause of the overload has been removed. 


Metal Kecitifiers 


28. The principle of operation of metal 
rectifiers is considered in Sect. 8, Chap. 7. 
There it 1s shown that a semi-conductor in 
contact with a metal forms a rectifying 
element. Varicus semi-conductors are used 
in such rectifying elements, but the two types 
most commoniy encountered are copper-oxide 
and selenium rectifiers. 


29. Copper-oxide rectifiers. Tic symbols 
for a meial rectifier are shown in Fig. 20(a). 
The direction of easy flow of conventional 
current is from ithe triangle to the plate. 
A copper-oxide diss (Fig. 20(b)) can with- 
stand a reverse voliage of about 8 volts. 
Thus, for rectification of high voltages 
several discs are connected in series under 
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adequate pressure (about 50 Ibs. per sq. in.). 
The current needs are catered for by choosing 
the area of the elements appropriately, and 
cooling fins are inserted to dissipate the heat 
developed. The construction of a typical 
copper-oxide rectifier is shown in Fig. 20(c). 
Practical rectifiers range from assemblies of 
a few large discs for low-voltage high- 
current operation to assemblies of many 
small discs for high-voltage low-current 
Operation. 


30. Selenium rectifiers. Fig. 21 illustrates 
the construction of a selenium rectifier. The 
direction of easy flow of conventional 
current in this case is from the selenium to 
the tin alloy. Each disc (Fig. 21(a)) can 
withstand a reverse voltage of about 18 volts 
and several are connected in series for 
high-voltage rectification. Fewer discs are 
required than the number for a comparable 
copper-oxide rectifier. Further, the selenium 
rectifier does not require high pressure to 
ensure contact between the component layers 
so that the separaie elements may be spread 
out to act as their own cooling fins (Fig. 
21(b)). The area of the elements depends on 
the current requirements. 
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31. Metal rectifier circuits. Metal rectifiers 
may be used in lieu of diode valves in any 
of the rectifier circuits considered in this 
Chapter. In relation to diode valves, the/ 
have certain advantages and ceriain limit- 
ations :--- 
(a) No cathode-heating power is required. 
(6) They are mechanically sironger. 
(c) The power they are capable of supply- 
ing is limited. 
The most common'y-encountered metal 
rectifier circuit is the full-wave bridge 
arrangement shown in Fig. 22. 
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Three-phase Rectification 


32. A full-wave bridge circuit used for the 
rectification of a three-phase supply is 
illustrated in Fig. 23(a). Six rectifiers are 
required. If the voltage V,; of the red phase 
is a maximum in the polarity shown, current 
flows through the load via rectifiers a and b; 
As the voltage cycle progresses, rectification 
occurs for the yellow phase via b and c, 
and for the blue phase via c and a). 


Similar reasoning applies for the alternate 
half-cycles. The individual phase output 
voltages are indicated by the dotted lines of 
Fig. 23(b), and their resultant by the fuil line. 
The ripple has, therefore, a frequency six 
times that of the fundamental so that smooth- 
ing is more efficient for a three-phase system 
than for a single-phase system. In addition, 
the power output from the three-phase 
system is higher. 
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Fig. 23.—THREE-PHASE RECTIFICATION 


Mercury-arc Rectifier 


33. The mercury-arc rectifier consists of a 
glass envelope in which there are one or more 
carbon anodes and a pool of mercury which 
acts as the cathode. The tube is filled with 
mercury-vapour at a low pressure. Before 
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the valve can operate, an arc must be ‘struck’. 
This requires an additional electrode, known 
as the striker electrode, in close proximity to 
the pool (Fig. 24). A p.d. exists between the 
striker electrode and the pool, and when the 
striker electromagnet is energised it moves 
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the striker into the mercury, thereby short- 
circuiting the electromagnet supply. The 
striker arm is spring biased and as it is lifted 
out of the pool an arc is created, the emission 
due to the arc ionizing the gas in the tube 
to establish a large current to the main 
anodes. The discharge is in the form of a 
gaseous arc, which appears as a blue glow. 
The positive ions produced as a result of 
ionization move towards the cathode, the 
upper surface of which is brought to a white 
heat as a result of the continuous bombard- 
ment. For a normal valve, cathode 
disintegration would rapidly occur, but for 
a mercury pool cathode no such action can 
take place and very large currents are, 
therefore, possible. The hot, bright cathode 
spot travels in an irregular manner at high 
speed over the surface of the pool, but if 
current ceases for even a short interval of 
time it is sufficient to cool the cathode spot 
and stop the emission of electrons. To 
prevent this, and to ensure the maintenance 
of the arc, an exciter anode working from 
a separate external source is provided. The 
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basic form of a mercury-arc rectifier is 
illustrated in Fig. 24. 


34. Mercury-arc rectifiers are used exclu- 
sively for heavy power d.c. production where 
currents of 10 to+1,000 amperes may be 
required. Single-phase systems _ using 
mercury-arc rectifiers are seldom encoutered, 
polyphase systems being more usual at such 
high powers. Three-, six-, and twelve-phase 
systems with three, six and twelve anodes 
respectively are in general use. Fig. 25 
illustrates the basic circuit for a twelve-phase 
mercury-arc rectifier used in a ground radar 
equipment. The main three-phase trans- 
former, which has a delta-connected primary, 
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feeds a twelve-phase star-connected secondary 
winding, between the common points of 
which a balancing network is inserted. The 
twelve-phese outputs are connected to the 
twelve anodes of the mercury-arc rectifier. 
The arc is struck by the striker electrode and 
maintained by the exciter anodes as explained 
in the preceding paragraph. On application 
of the main supply to the phase anodes, 
current is established to each anode in turn 
to give an output that requires very littie 
smoothing. The output obtainable from 
the system shown in Fig. 25, is of the order 
of 500 volts at 30 amperes. A photograph 
of the mercury-arc rectifier used in this 
system is shown in Fig. 26. 
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PART 1A,SECTION 10, CHAPTER 1 
VOLTAGE AMPLIFIERS 


Introduction 
1. An amplifier is a device in which an input 
is used to control a local source of power so 
as to produce an output which is greater 
than, and bears a definite relationship to, 
the input. Triodes, tetrodes and pentodes 
may be used in amplifier circuits, the circuit 
then being termed a valve amplifier. Tran- 
sistors may also be used. Amplifiers may 
be classified as :— 
(a) Voltage amplifiers, which are designed 
to deliver a large voltage at negligible 
power to the control grid of a subsequent 
valve. 
(5) Power amplifiers, which are designed 
to deliver power at a high efficiency to such 
devices as loudspeakers and aerial systems. 


2. Voltage and power amplifiers may each 
be sub-divided into the following :— 
(a) Wide-band amplifiers, which are de- 
signed to give more or less uniform 
amplification over a wide frequency range. 
In this category are :— 
(1) Audio frequency (a.f.) amplifiers which, 
in the ideal case, are required to amplify 
equally at all frequencies in the audio 
band, 1.e., from about 20 c/s to about 
20 ke/s. 
(it) Video frequency amplifiers which 
may be required to amplify equally at 
all frequencies within a band of 20 c/s to 
about 4 Me/s. 
(b) Narrow-band amplifiers, which are de- 
signed to give amplification over a limited 
frequency range, the word ‘narrow’ mean- 
ing, in this context, that the difference 
between the highest and lowest frequencies 
amplified, is small compared with the mid- 
band frequency. In this category are :— 
(i) Radio frequency (r.f.) amplifiers which 
may be required to amplify over a very 
narrow band of frequencies of, say, 
10 Mc/s + 5 ke/s. 
(ii) Intermediate frequency (if.) ampli- 
fiers which may be required to amplify 
over a band of 460 kc/s to 470 ke/s. 


3. This Section deals with wide-band ampli- 
fiers, voltage amplification being considered 
in this Chapter and power amplification 


being considered in Chapter 2. Since a_f. 
voltage amplifiers handle signals at frequen- 
cies within the audible range, the character- 
istics of sound must first be considered. 


Sound 


4. Sound is a form of wave motion which 
spreads out in all directions from the source 
and gives rise to external stimuli accepted 
through the ear and sense of hearing. The 
source of sound is usually a vibrating body 
(such as the human vocal chords) which 
causes near-by air particles to oscillate about 
their mean positions in the direction of 
propagation, the type of wave produced 
being termed a longitudinal wave. When a 
sound wave is propagated in air, the air 
itself is mot passed bodily along in the 
direction of the wave. The oscillation of the 
air particles produces successive compressions 
and rarefactions of the air that move along 
in the direction of the wave, so that energy 
progresses in that direction at a speed of 
approximately 1,100 feet per second. Sound 
waves striking the ear cause the eardrum to 
vibrate at the same frequency as that of the 
source, and the sound emitted is heard. 


5. Characteristics of sound. The important 

characteristics of sound are intensity, pitch 

and quality. 
(a) Intensity. This depends on the ampli- 
tude of the sound wave. All other factors 
being equal, the greater the magnitude of 
the vibrations in the medium, the louder 
does the sound appear to an observer. 
(6) Pitch. The pitch of any sound depends 
on the rate of vibration of the air particles ; 
that is, it depends on the frequency of the 
sound wave ; the greater is the frequency, 
the higher the pitch. The ear can hear 
sounds of frequencies from about 20 c/s to 
about 20,000 c/s, the exact audible limits 
varying from person to person. The pitch 
of speech is determined by the fundamental 
frequency of the vocal chords and the 
latter is about 125 c/s for a normal male 
voice and about 200 c/s for a normal 
female voice. Similarly, the pitch of a 
musical sound is determined by the funda- 
mental frequency at the source, so that the 
range of pitch in an orchestra is much 
greater than that for speech. 


A.P. 3302, Parti A,Sect. 10, CHap, 1 


(c) Quality. The tonal quality, or timbre, 
of a sound is determined by the harmonics 
of the fundamental frequency. The sound 
produced by a tuning fork is a ‘pure’ tone 
since it consists of a sinusoidal vibration 
of one frequency only. In general how- 
ever, the vibrations corresponding to the 
tones of musical instruments and speech 
can be analysed into a fundamental 
vibration, of a frequency determining the 
pitch of the note, together with a number 
of higher frequency harmonics. It is the 
relative proportions of the various har- 
monics which distinguish between the 
tones of two different instruments both 
playing the same note, or between different 
people’s voices. To maintain the timbre 
of the original sound in a communication 
system, a frequency response of about 
100 c/s to about 9,000 c/s would be re- 
quired for speech, and about 20 c/s to 
about 20,000 c/s for music. However, 
adequate quality speech and music repro- 
duction may be obtained by eliminating 
some of the higher harmonics and oper- 
ating over bands of 300 c/s to 3,400 c/s for 
speech and 30 c/s to 8,000 c/s for music. 


Microphones 


6. A microphone is a device for converting 
sound energy into electrical energy. The a.f. 
electrical energy so obtained may then be 
applied as the input to an amplifier. Fora 
microphone to be satisfactory its electrical 
output should contain all the essential 
characteristics of the original sound input. 
Many different types of microphones have 
been designed to give this and the types used 
in the Service are considered in Part 2 

(Communications). |The symbol for a 
microphone is shown in Fig. 1. 


—O- 


Fig. 1—SYMBOL FOR A MICROPHONE. 


Telephone Receivers 


7. The function of the telephone receiver is 
the reverse of that of a microphone ; that is, 
the telephone receiver is a device for con- 
verting electrical energy into audible sound 
energy. Thus, a telephone receiver may be 
connected in the output of an a.f. amplifier 


and to be satisfactory it should reproduce 
faithfully into sound all the essential char- 
acteristics of the a.f. electrical output of the 
amplifier. Hence, if there is no distortion 
in the intervening circuit, the sound output 
from the telephone receiver should be a 
replica of the original sound applied to the 
microphone. The telephone receivers used 
in the Service are considered in Part 2 
(Communications). | The symbol for a 
telephone receiver is shown in Fig. 2. 


‘ 


(a) SINGLE 


(b) DOUBLE 
Fig. 2--SYMBOL FOR A TELEPHONE RECEIVER. 


Resistance-capacitance Coupled Amplifier 


8. Action. The action of a basic triode 
amplifier is considered in Sect. 8, Chap. 2 
where it is shown that a signal applied to the 
erid of a suitably biased valve causes an 
amplified version of the signal voltage to be 
developed across the anode load. In practice, 
in an af. voltage amplifier, the valve is 
biased under Class A conditons in order to 





Fig. 3.—RESISTANCE-CAPACITANCE COUPLED 
AMPLIFIER. 


obtain an undistorted output, the amplified 
signal voltage being applied to the input of 
the next stage. Only the alternating com- 
ponent of output voltage from the first valve 
is applied to the next stage and to achieve 
this the two stages are ‘coupled’ by a capa- 
citor C, the function of which is to ‘block’ the 
d.c. component of load voltage which is 
developed by the standing anode current. 
This Class A a.f. voltage amplifier is termed 
a resistance-capacitance coupled amplifier, 
a circuit for which is shown in Fig. 3. 


9. Under no-signal conditions (v, = 0) the 
standing anode current of V: develops a 
d.c. voltage across R;. Thus, V; anode will 
be at a potential of (H.T. — I,R1). C, and 
R, are connected in series across V;, and C, 
charges to the d.c. potential of V; anode. 
There is no p.d. across R,. Thus, when 
Vv, = 0,¢, = 0 


10. On the application of a signal voltage 

eR 
% rt+Re 
is developed across R,, and V; anode poten- 
tial varies by the same amount. This 
alternating voltage, which is superimposed on 
the pre-signal d.c. potential, is applied to C, 
and R, in series so that the d.c. component 
and part of the signal output voltage is 
developed across C,, the remainder of the 
signal voltage being developed across R, 
It is the p.d. across R, which gives e,, the 
input to V2, and the p.d. across C, at the 
signal frequency is kept to a minimum. 
Thus, the reactance of C, must be low and 
since in an a.f. amplifier, frequencies of the 
order of 20 c/s may be encountered the 
capacitance of C, requires to be relatively 
large. A typical value is between 0-Olp F 
and O-lyzF (mica type capacitor). The 
impedance of R, must be large in relation to 
that of C, at the signal frequencies. A 
Ape value for R, is between 0-2 MQ and 

M 2. 





V,, an alternating p.d. of amplitude (v 


11. Stage gain. This is the ratio of the 
amplified signal voltage e, at the grid of the 
second valve to the input signal voltage v, 
at the grid of the first valve. This is always 
less than the v.a.f. because of the p.d. devel- 
oped across C, at the signal frequencies. In 
addition, the stage gain varies with frequency. 
The complete equivalent circuit for Fig. 3 
in the constant voltage generator form is 
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(b> MEDIUM FREQUENCIES 





Cc) LOW FREQUENCIES 





Cd) HIGH FREQUENCIES 


Fig. 4.—EQUIVALENT CIRCUITS FOR RESIST- 
ANCE-CAPACITANCE COUPLED AMPLIFIER. 


shown in Fig. 4(a). The capacitance C,, 
which does not appear in the original circuit, 
represents the inter-electrode capacitances of 
the valves plus any wiring capacitance. 
C, will be of the order of a few pico-farads. 


(a) Medium frequencies. Over a range of 
frequencies in the middle of the a.f. band 
(say from 100 c/s to 5,000 c/s) the small 
capacitance C, will have a high reactance 
and its effect in shunting R, is negligible. 
Further, the large coupling capacitor C, 
will have a low reactance which can be 
neglected in comparison with the resist- 
ance of R,. The resultant equivalent cir- 
cuit of Fig. 4(b) is a purely resistive circuit 
and the stage gain is independent of fre- 
quency over this middle range. The stage 
gain is less than the v.a.f. because of the 
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presence of R, in parallel with Ry and is 


pR° — R, 
given Y a. 7" ae R, 
Provided R, is very much ae than "Ri 
the stage gain practically equals the v.a.f. 





Re where R = 


(b) Low frequencies. At frequencies below 
about 100 c/s the reactance of C, is high and 
can be neglected in comparison with R,, 
but the reactance of C, may be quite large 
and will increase with decrease in frequency. 
The equivalent circuit for low frequencies is 
shown in Fig. 4(c). Since C, and R, form 
a potential divider across Ri, ey and hence 
stage gain will decrease as the frequency 
decreases. 


(c) High frequencies. For frequencies 
nares than about 5,000 c/s the reactance of 

will be negligible compared with R,, 
but the capacitance C, will form an 
appreciable shunt on Ry and R,. The 
equivalent circuit for high frequencies is 
shown in Fig. 4(d). The shunting effect 
of C, across the load becomes more marked 
as the frequency increases and the stage 
gain falls accordingly. 
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Fig. 5.—GAIN-FREQUENCY RESPONSE OF 
RESISTANCE-CAPACITANCE COUPLED 
AMPLIFIER. 


12. Fig. 5 shows the way in which the stage 
gain varies with frequency in a_ typical 
resistance-capacitance coupled a.f. voltage 
amplifier stage. When the frequency of the 
input is such that the stage gain is 0-707 
times that at the middle frequencies, the 
stage gain has fallen by 3db. The ‘3db 
points’ are the factors used to determine the 
bandwidth of an a.f. amplifier. 


13. To increase the stage gain at the middle 
frequencies in the band, large values for 
R, and R, may be selected. However, at 
high frequencies the shunting effect of CG, 
will become appreciable at much lower 
frequencies than before, and the stage gain 
will begin to fallsooner. Thus, although the 
stage gain at the middle frequencies has been 
increased, this increase is obtained at the 
expense of a reduction in the frequency range 
over which the response is flat. There must 
therefore be a compromise between stage 
gain and bandwidth. 


14. A.C. load line. The d.c. load line for a 
voltage amplifier passes through the h.t. 
supply voltage point on the horizontal axis 


and has a slope of e where R,; is the 


anode load. For rapid variations of anode 
voltage however, the coupling capacitor C, 

a low reactance and the equivalent 
load on the valve is R, equal to Ri and R, 
in parallel. So far as a.c. variations are 
concerned, therefore, the load line has a 


slope of mt Re and passes through the 
the operating point. The a.c. load line is 
not the same as the d.c. load line, as may be 


seen from Fig. 6, and it may be necessary to 
adjust the input to avoid distortion. 





OPERATING 
POINT 





$0 100 150 200 


VOLTAGE 


Fig. 6.—A.C. LOAD LINE. 


15. Use of pentodes. Pentode valves are 
extensively used in resistance-capacitance 
coupled amplifiers and give a higher stage 
gain than is possible with triodes, because of 
the higher » of a pentode. The general shape 
of the gain-frequency response curve is the 
same as that for a triode, but for a pentode 
the stage gain at middle frequencies in the 
band is given approximately by g,, R, where 
R is equal to r,, Ry and R, in parallel. 


Choke Coupled Amplifier 


16. Fig. 7 shows the simple circuit of a 
choke coupled amplifier stage. This differs 
from resistance-capacitance coupling only 
in that the anode load resistor R, is replaced 
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Fig. 7—CHOKE COUPLED AMPLIFIER. 


by an iron-cored inductance L. Since the 
impedance of a choke io aL :— 

VA ee 

—a/ 7 T, 2 a “@2L2 

Thus, to provide a high v.a.f, down to low 
frequencies, a large value for L is required. 
A typical value is 50 henrys. At medium 
frequencies within the band, wL its large and 
r, may be neglected in comparison so that at 
such frequencies :— 

v.a.f. x p. 
Thus, the gain of a choke coupled amplifier 
iS higher at the middle frequencies in the a.f. 
band than an amplifier with a resistive load. 


17. In contrast to the resistance-capacitance 
coupled amplifier, the main features of this 
type of coupling are :— 
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(a) Although the choke offers a high 

impedance to the alternating components 
of anode current, it can be made to have 
a low d.c. resistance. The d.c. voltage 
drop across it will be small and under 
static conditions practically the whole 
available h.t. voltage is applied to the 
anode, thus enabling iower voltage h.t. 
supplies to be used. In addition, the 
applied signal causes the anode potential 
to vary above and below the h.t. supply 
voltage. 


(b) The choke is an impedance varying 
with frequency, so that :— 


(i) At low frequencies, the decrease in 
load reactance coupled with the increase 
in the reactance of the coupling capa- 
citor, gives a rapid reduction in stage 
gain. 

(ii) At medium frequencies, the increase 
in load reactance with frequency causes 
the stage gain to rise slightly. 


(iii) At high frequencies, the decreased 
reactance of the shunting capacitance 
(which includes the self-capacitance of 
the choke) gives a rapid reduction in 
Stage gain. 
Because of these factors, the range of ‘flat’ 
response is less than the corresponding 
region in a resistance-capacitance coupled 
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Fig. 8.—GAIN-FREQUENCY RESPONSE OF 
CHOKE COUPLED AMPLIFIER. 
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amplifier. For this reason, and that of 
cost, the choke coupled circuit is rarely 
used. A typical gain-frequency response 
curve is shown in Fig. 8. 


Transformer Coupled Amplifier 


18. The basic circuit of a typical trans- 
former coupled a.f. voltage amplifier stage 
is Shown in Fig. 9(a), the equivalent circuit 
applicable to the middle frequencies in the 
band being shown in Fig. 9(b). When a 
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Fig. 9.-—TRANSFORMER COUPLED A.F. VOLTAGE 
AMPLIFIER. 


signal v, is applied in series with the Class A 
bias voltage, the anode current of V; varies 
according to the signal to induce an amplified 
voltage in the secondary for application to 
the next stage. No coupling capacitor or 
grid resistor is required in this circuit since 
the grid of V2 is isolated from V; anode by 
the transformer. From the equivalent cir- 
cuit, if r, is low practically the whole of 
the voltage uv, is applied across the primary 
of the transformer, and if the latter has a 


step-up ratio T, a much larger voltage almost 

ual to uTv, is applied to the next stage. 
Thus, with transformer coupling, the stage 
gain may exceed the amplification factor of 
the valve. 


19. The stage gain of a transformer coupled 
amplifier varies with frequency in a manner 
similar to that of the other types of coupling 
considered. At medium frequencies in the 
a.f. band, the stage gain is almost equal to 
pI. At low frequencies, the stage gain 
decreases due to the decrease in primary 
inductive reactance with frequency. For a 
wide frequency range working down to low 
frequencies, the condition oL>r, must be 
maintained, and a high value of primary 
inductance (about ‘501))) is mecessary. 
At high frequencies, the stage gain tends to 
fall because of the shunting effect of the 
capacitance of the transformer windings, and 
the valve capacitances. At the high fre- 
quency end, resonance of the shunt capacit- 
ance with the transformer leakage inductance 
may occur to produce a peak in the response 
curve aS shown in Fig. 10. The amplitude 
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Fig. 10.—GAIN-FREQUENCY RESPONSE CURVE 
FOR A TRANSFORMER COUPLED AMPLIFIER. 


and the sharpness of this peak depends on 
the Q of the effective series resonant circuit, 
a large Q giving a large amplitude peak with a 
sharp frequency cut-off. This may be desir- 
able under certain conditions. To give a 
reasonably flat response, Q is reduced and 


for a given transformer there is a value of 
r, which is used to give the desired Q value. 
A triode valve having an r, of 10,000 ohms 
is suitable for most intervalve transformers. 
Pentode valves are not often used with this 
type of coupling over the a.f. range because 
of the high value for r, in a pentode, but 
where they are used, the transformer primary 
is shunted by a resistance to give the desired 
Q value. 


20. The advantages of transformer coupling 

compared with resistance-capacitance coup- 

ling are :— 
(a) The stage gain is higher over the 
middle frequencies in the a.f. band, being 
given by »T approximately. In practice, 
T is a step-up ratio of up to 4 ; itis seldom 
more than 4 since, with a higher ratio, the 
effect of the impedance reflected into the 
primary would be such as to nullify the 
increased gain. 
(5) Neither a coupling capacitor nor a 
grid resistor is required. 
(c) The d.c. voltage drop across the trans- 
former primary winding is small and, under 
static conditions, practically the whole 
available h.t. voltage is applied to the 
anode, so that the anode potential 
varies above and below the potential of the 
h.t. supply. 


21. The limitations of transformer coupling 
are :— 
(a) A high d.c. current may cause satur- 
ation of the iron core resulting in wave- 
form distortion and a decrease in the value 
of primary inductance. To prevent this, 
an air gap is included in the magnetic 


circuit (seeBk 1 Sect. 7, Chap, 2, Para, 27). 


(5) Care must be taken in the design of the 
transformer and its associated circuit to 
prevent undue peaking at the high fre- 
quency end of the range. 


(c) The transformer should be adequately 
screened to prevent interference from other 
sources. 


Parallel-fed Transformer Coupling 


22. To prevent distortion of the waveform 
due to saturation of the core, and to ensure 
a high value of primary inductance and 
adequate step-up ratio, a parallel-fed trans- 
former coupled circuit may be used as shown 


VOLTAGE AMPLIFIERS 


in Fig. 11. As there is no d.c. component in 
the primary winding, the transformer can be 
made more compact, with a core of very high 
permeability material (e.g., mumetal) and no 





Fig. 11.—PARALLEL-FED TRANSFORMER 
COUPLING. 


air gap. With this arrangement, the alter- 
nating component only is applied to the 
primary, the d.c. component being dropped 
across C,. The overall result is a flatter 
gain-frequency response curve, less distortion 
and higher stage gain, although there is still a 
falling-off at very low frequencies because of 
the coupling capacitor. 


Distortion in Amplifiers 
23. An amplifier is said to introduce dis- 
tortion if the input and output signals are 
not identical in waveform. This change in 
waveform may be occasioned by a number 
of causes, several of which may be present 
simultaneously in any given amplifier :— 
(a) Attenuation distortion. This applies to 
an amplifier where the distortion is caused 
by a variation of gain with frequency 
(sometimes called ‘frequency distortion’). 
The types of coupling discussed in the 
preceding paragraphs all produce attenu- 
ation distortion to some extent, as shown 
by the respective gain-frequency response 
curves. 
(5) Phase distortion. This occurs when 
the time taken for a signal to pass through 
an amplifier varies with frequency. If the 
phase relationships which the components 
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in the output bear to one another are not 
the same as the phase relationships 
between corresponding components in the 
input, phase distortion has taken place. 
This is shown in Fig. 12. The phase dis- 
tortion encountered in an af. amplifier 
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Fig. 12.—PHASE DISTORTION 


is relatively unimportant since the ear is 
insensitive to small differences in phase. 
It is, however, important in video fre- 
quency amplifiers. 

(c) Non-linear distortion. This is the gen- 
eral name given to a certain type of dis- 
tortion that occurs when the character- 
istics of an amplifier are non-linear and 
dependent on the magnitude of the applied 
signal at any given instant. Non-linear 
distortion may be sub-divided into:— 


(i) Amplitude distortion, where the stage 
gain of the amplifier depends on the 
amplitude of the applied signal. 


(ii) Harmonic distortion, which is due 
to the production of harmonics in the 
output when an input of specified 
amplitude is applied. 


(iii) Intermodulation distortion, which is 
due to the production of combination 
frequencies in the output when two or 
more voltages of specified amplitude 
are applied at the input. 


Video Frequency Amplifiers 

24. <A video frequency amplifier is a wide- 
band voltage amplifier designed to amplify 
signals within a frequency range of about 
20 c/s to about 4 Me/s with the minimum 
distortion. In general, the amplified video 
signals are applied to a cathode-ray tube to 
produce a picture or a display as in television 


or radar—hence the term ‘video’. It has 
been shown that the stage gain of a resistance- 
capacitance coupled amplifier falls at low 
frequencies due to the effect of the coupling 
capacitor, and falls at high frequencies due 
to the effect of the shunt capacitances. 
These effects must be counteracted if the 
range of uniform frequency response is to be 
extended to that required for video frequency 
amplifiers. Various methods exist for doing 
this and these are described in detail in Part 
3 (Radar). 


Direct-coupled (D.C.) Amplifiers 

25. A dc. amplifier is needed if voltages 
of extremely low frequency are to be ampli- 
fied ; that is, in cases where the amplitude 
of the input voltage changes very slowly 
with time. Resistance-capacitance coupled 
amplifiers are not practicable here because 
of the effect of the coupling capacitor, so the 
coupling capacitor is omitted and direct 
coupling is employed. A basic circuit of a 
three-stage d.c. amplifier is shown in Fig. 13. 





Fig. 13.—D.C. AMPLIFIER CIRCUIT. 


The values of the resistors determine the bias 
voltages on the valves, and to avoid ‘drift’, 
high stability components are used. Small 
percentage changes in the potentials of the 
supply voltages cause serious alteration of 
the grid bias, and, to reduce this problem of 
sade the power supplies require to be closely 

ted. Since d.c. amplifiers are prone to 
dri, care is taken in design to counteract 


Transistor Amplifiers 

26. Resistance-capacitance coupling. The 
basic action of a transistor amplifier is 
considered in Sect. 8, Chap. 7. Transistors 
are particularly suitable for the amplification 
of small signals in the a.f. range because of 
their small size, low power requirements 
and absence of cathode heating power. 
They may be used in any of the amplifier 
circuits previously described, provided the 
supply and bias voltages are suitably adjusted. 
The circuit of a two-stage resistance-capacit- 
ance coupled a.f. voltage amplifier using 
p-n-p junction transistors is illustrated in 
Fig. 14. The method of obtaining bias 
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Fig. 14.—TRANSISTOR RESISTANCE-CAPACIT- 
ANCE COUPLED AMPLIFIER. 


voltages and currents is of considerable 
practical importance. The collector current 
is almost independent of collector voltage 
over the working range and is determined 
almost entirely by the emitter current. Thus, 
in the first stage TRi, the emitter (and collector) 
current is adjusted by inserting a resistor R, 
of the correct value in the emitter lead. Ry, 
is by-passed by a large value capacitor Cs 
(normally an electrolytic type, typically 
around 100uF) to prevent the effects of 
‘negative feedback’ into the input circuit 
(see Chap. 3). The base voltage of TR, is 
controlled by the potential divider R, and 
Ro, and the output is taken across Rs. The 
values of the resistances R; to R, are such 
that the collector is biased negatively with 
respect to the base (reverse bias), while the 
emitter has forward bias. This gives the 
necessary transistor amplifying conditions. 


VOLTAGE AMPLIFIERS 
27. TR, is resistance-capacitance coupled to 
the input of TR2. Because the input imped- 
ance between base and emitter is low, the 
coupling capacitor must have a large capacit- 
ance, otherwise the stage gain will fall sharply 
at low frequencies. Typical values for 
coupling capacitors are 2uF to [0uF. A 
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Fig. IS.—GAIN-FREQUENCY RESPONSE CURVE, 
TRANSISTOR RESISTANCE-CAPACITANCE 
COUPLED STAGE. 


graph showing the variation of stage gain 
with frequency is shown in Fig. 15. With 
the circuit of Fig. 14, the stage gain is of 
ed order or 15, the overall gain being about 


28. Transformer coupling. The circuit of a 
two-stage transformer coupled a.f. voltage 
amplifier using p-n-p junction transistors is 
shown in Fig. 16. The input is coupled to 





FIG. 16.—-TRANSISTOR TRANSFORMER 
COUPLED AMPLIFIER. 
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the first stage by a transformer having a 
step-down ratio of about 30, so that correct 
matching to the low input impedance of the 
transistor is achieved. The correct bias 
voltages for the base and emitter are obtained 
in a manner similar to that for the resistance- 


capacitance coupled amplifier described in 
Para. 26. The intervalve transformer has a 
step-up ratio of about 3 and the circuit 
gives an overall gain of about 200. The re- 
sponse is similar to that obtainable from a 
comparable valve circuit. 
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PART 1A SECTION 10, CHAPTER 2 


POWER AMPLIFIERS 


Introduction 

1. In voltage amplifiers, the sole aim is the 
production of a large, undistorted signal 
voltage across the anode load. In power 
amplifiers, the important factor is the power 
developed in the anode load. No device can 
deliver more power than is supplied to it. 
Thus, in a power amplifier, the objective is 
to convert as much as possible of the d.c. 
supply power at the anode into signal power 
developed in the anode load. The ability to 
do this is described as the ‘efficiency’ of the 
stage. Power amplifiers may be wide-band 
or narrow-band amplifiers in the same way as 
voltage amplifiers, wide-band a.f. power 
amplifiers being considered in this Chapter. 
Such amplifiers are used to supply the af. 
power to telephone receivers or loudspeakers 
m a radio receiver or public address system, 
and to supply the necessary a.f. power for the 
modulation of a radio transmitter. 


2. It is usual with power amplifiers to 
couple the load resistance into the anode 
circuit of the valve by means of a transformer. 
The reasons for this are:— 
(a) There is no d.c. power dissipated in the 
load resistance. 
(6) The transformer primary has negligible 
d.c. resistance and the steady d.c. anode 
voltage is practically equal to the supply 
voltage for all operating conditions. 
(c) The transformer turns ratio can be 
adjusted to give the necessary impedance 
matching between the load resistance and 
the slope resistance of the valve (see Bk 1 
Sect 7 Chap. 2, Para. 15). 


Class A Power Amplifier 
3. An amplifier works under Class A 
conditions when the grid bias is such that the 
valve operates over the straight portion of its 
eristic. The waveform of its output 
is then the same as that of its input, as is the 
case with voltage amplifiers. The gain- 
frequency response of a Class A power 
amplifier in which the load is coupled to the 
valve anode by a transformer is similar to 


that of a transformer coupled a.f. voltage 
amplifier. There is, therefore, a falling off 
in gain at both the low and the high frequency 
ends of the a.f. range, and a tendency to peak 
at the high frequency end because of self- 
resonance effects. The range of flat response 
is typically of the order of 150 c/s to 7,000 
c/s, and this is adequate for most purposes. 


Triode in Class A 


4. The basic circuit for a triode a.f. power 
amplifier working under Class A conditions 
is shown in Fig. 1(a), while Fig. 1(b) shows the 
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Fig. 1.—TRIODE AF. POWER AMPLIFIER. 


equivalent circuit applicable to the middle 
frequencies in the range. By applying the 
maximum power transfer theorem to Fig. 1(b) 
it is seen that maximum power is transferred 


to the load when r, = ae that is, when the 
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load R_ reflected across the transformer 

uals r,. However, in an af. 
power amplifier it is required to determine 
the conditions that will give maximum 
undistorted power in the load R,. This is 
obtained by making the signal v, the maxi- 
mum permitted by the straight portion of the 
dynamic characteristic for the particular 
value of R, and adjusting the grid bias E 
so that the operating point is at the centre of 
the straight portion of the characteristic. 
Repeating this for various values of R, the 
one that gives maximum output for an 
acceptable degree of distortion, may be 
calculated. For a triode valve, this occurs 
when R = 2r, for 5 per cent harmonic dis- 
tortion (see Para. 9). 


5. Power output. Fig. 2 shows the anode 
characteristics of a typical triode, with the 
anode dissipation curve superimposed. It 
is assumed that the characteristics are linear 
above a fixed minimum anode current L,,,, 
the graph being shaded below this level to 
indicate that this portion is not used. The 
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Fig. 2.—OPTIMUM WORKING CONDITIONS. 


Vy; 
so 


load line for R = 2r, is drawn with the 
‘usable’ portion as a solid line ; it is bounded 
by the curved region of the characteristics 
at the bottom (shown shaded), and by grid 
current at the top of the range (i.c., E,>0); 
this ensures minimum distortion. The oper- 
ating point Q lies on the line representing 
the h.t. supply voltage E, and is adjusted 
so that it lies at the centre of the working part 


of the load line. This is done by varying the 
fixed bias E,. In addition, the valve must be 
chosen so that the operating point lies under 
the dissipation curve (see Para. 6). On the 
application of a signal v,, the anode current 
swing is from I,,,, to I,,,, about the pre-signal 
standing current of I,, and the anode voltage 
swing 1s from Enin to Ena, about the h.t. 
supply voltage E,. The r.m.s. value of alternat- 


ing current is se , and that of the 


voltage is — Thus :— 


_ (Emax a une i min) ss (1) 


Power output = 


6. Dissipation. In a triode, the product of 
the d.c. anode voltage and the standing anode 
current represents the power dissipated in the 
valve itself in the form of heat. This ‘anode 
dissipation’ is not to be confused with the 
output power developed in the load. The 
amount of anode dissipation that can be 
tolerated is limited by the cooling arrange- 
ments for the valve, and the valve data 
sheets give maximum permissible values 
which are not to be exceeded if damage to 
the valve is to be avoided. Of the total d.c. 
power supplied to the valve, part is converted 
into useful power output and the remainder 
is dissipated in the valve. The anode 
dissipation is thus proportional to the output 
power, and, if a large power output is re- 
quired, a valve having a high rated anode 
dissipation must be chosen. 


7. Efficiency. The efficiency » of a power 
amplifier represents the efficiency with which 
the d.c. power supplied by the h.t. is con- 
verted into useful a.c. power output. It is 
given by :— . 

A.C. Power Output ) 
‘D.C. Power Supplied by H-T. °’ 2 


= A.C. Power Output 
= “A.C. Power Output -+ Anode Loss’ 


The a.c. power output is :— 


(Emax a = = min). 


yn — 


The d.c. power drawn from the h.t. supply 
is E, I, where E, is the voltage of the supply 


and I, is the standing anode current at the 
operating point. Thus :— 


" — Coe feel een! x 100 (per “Gy 


The efficiency is always less than 100 per cent 
because of the anode dissipation of the valve 
and, in fact, in a Class A triode power 
amplifier, the efficiency can never exceed 
a maximum theoretical figure of 50 per cent ; 
for E,nin and Ii, can never be less than zero, 
while I,,, and E,,, can never be more than 
twice I, and twice E, respectively. In practice, 
the efficiency of a triode is rarely higher than 
about 30 per cent at full rated output. 


8. Matching. The load line for R = r, 1s 
shown dotted in Fig. 2, and, although for 
the same grid swing the power output is 
higher than that for R = 2r,, it is seen that 
the positive and negative swings of anode 
current are no longer equal so that distortion 
occurs. Thus, the ‘optimum’ load is R = 2r,. 
In the power output stage of a receiver, the 
loudspeaker impedance is of the order of a 
few ohms. Ther, of a triode output valve 
is much greater, so that the transformer turns 
ratio must be adjusted to give correct 
matching. For example, a triode output valve 
having ar,, of 3,200 ohms is supplying power 
to a loudspeaker of 4 ohms impedance. 
For optimum conditions the loudspeaker must 
reflect an impedance equal to 2r, (6,400 
ohms) into the primary. The transformer 
ratio 1S given by :— 


T= V7 4 


ae 
6,400 
1 : 40 step-down. 








oer 


9. Distortion. Fig. 3 shows a dynamic 
mutual characteristic for a triode. If the 
operating point Q is chosen in the middle 
of the ‘straight’ portion, this represents 
Class A working. If the working portion 
of the characteristic is not absolutely straight, 
the output waveform will not reproduce 
accurately a sinusoidal input voltage wave- 
form and the result is harmonic distortion. 
In particular, for a triode output valve, the 
output will contain a second harmonic 
component as well as the fundamental. 
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Fig. 3.—DISTORTION IN A TRIODE AMPLIFIER. 


10. The distortion for triodes in Class A is 
usually expressed in terms of the ratio :— 


__ Amplitude of Second Harmonic 5 
P= Amplitude of Fundamental °° (5) 


A second harmonic equal to 5 per cent of the 
fundamental (p = 0-05) is the usual per- 
missible value on which data published by 
the valve manufacturers is based, since this 
is the the smallest amount of harmonic 
distortion that can be detected by the ear. 
The percentage of harmonic distortion may 
be determined graphically. It may be shown 
that the ratio Pos I Peak Al 


Neg I Peak °442!s 5 1-22 
for 5 per cent harmonic distortion. This 
value must not be exceeded if the dis- 
tortion is to be less than the maximum 
permissible value. In Fig. 4, the 
ratio of positive to negative peak is 


R =O =1-14 so that the distortion is 
less than 5 per cent. 





Class A Pentode and Beam Power Valves 


11. Pentode and beam tetrode valves are 
fundamentally different from the triode 
since the anode current of such valves is 
substantially independent of the anode 
voltage over the working portion of the 
characteristics. In this case it is best to 
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Fig. 4.—CALCULATION OF DISTORTION. 


draw the anode characteristics for a given 
value of screen voltage and fix an operating 
point. The h.t. supply voltage E, is known 
and the operating point is adjusted by means 
of the grid bias E, so that I, is the highest 
steady current permitted by the rated anode 
dissipation for the valve. Various load lines 
are drawn and the one selected is that which 
ives minimum distortion. This will usually 
the line that is drawn from the operating 
int towards the ‘knee’ of the characteristic 
or E, = 0, and is usually such that the 
impedance reflected into the primary from 
the load is about 3 r, to , [,. 


12. Fig. 5(a) shows a typical pentode power 
output stage working under Class A condi- 
tions, the anode characteristics with three 
load lines superimposed being shown in 
Fig. 5(b). From these curves it may be seen 
that the load line that gives least distortion 
consistent with the allowable dissipation is 
the 10,000 ohms load line. This load there- 
fore affords the best compromise between 
power output and distortion. 


13. Efficiency. In tetrodes and pentodes 
the product of screen voltage and screen 
current represents an additional power 
dissipation known as the screen dissipation. 
The total dissipation is the sum of anode and 
screen dissipations. However since the am- 
plification factor of such valves is greater 
than that for a triode the a.c. power output 
given by equation (1) and also the efficiency 
are higher. Practical efficiencies obtainable 
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Fig. 55 —-PENTODE CLASS A POWER AMPLIFIER. 


in typical pentode and beam tetrode Class A 
power amplifiers without severe distortion 
are in the range 35 to 45 per cent. 


14. Distortion. The dynamic mutual char- 
acteristic of a typical pentode is shown in 
Fig. 6. As compared with the dynamic 
characteristic of a triode (Fig. 3), this shows 
ter curvature, This is because the 
static mutual characteristics of a pentode are 
practically coincident, except at low values of 
anode voltage when the anode voltage then 
has considerable effect on the anode current 
see Sect. 8, Chap. 3, Para. 18). Such a 
ynamic characteristic gives rise to harmonics 
higher than the second, and in pentode and 
beam tetrode valves the main distortion is 
third harmonic. The load line is adjusted 
to keep this distortion to a low level. The 
ratio of positive to negative peak in the anode 
current does not usually exceed 1-4. 
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Fig. 6.—DISTORTION IN A PENTODE AMPLIFIER. 


Comparison Between Triodes and Pentodes 


15. The main features may be summarized 
as follows :— 


(a) In favour of pentodes and beam jeirodes. 


(i) The anode efficiency is higher than 
that of triodes so that for an available 
su ee the a.c. power output will 


a amplification factor is large and 
therefore the required driving voltage is 
small. 


(b) In favour of triodes. 


(i) The distortion is small and consists 
mainly of even harmonics which can be 
eliminated by push-pull amplification 
(see Para. 19). 

(ii) The optimum working conditions 
are more clearly defined. 


Valves in Push-pull 

16. Where it is required to supply a greater 
power output than a ‘single-ended’ valve of a 
given dissipation is capable of providing, 
two valves may be connected in push-pull as 
shown in Fig. 7. The cathodes are at the 
same potential, and the grids are excited 
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with voltages of equal amplitude and opposite 
phase so that when the potential of V; grid 
is rising, that of V2 grid is failing and vice 





Fig. 7.—VALVES IN PUSH-PULL. 


versa. The outputs of the two valves are 
combined by means of an output transformer 
Tz having a centre tap. The two anode 
currents are in opposite directions in the two 
halves of the primary of Tz and produce 
opposing magnetic fluxes. The resultant 
flux at any moment is, therefore, the differ- 
ence between the two. Thus, the output 
waveform may be obtained by taking the 
difference between the two anode current 
waveforms. 


Composite Characteristics 


17. With push-pull amplifiers it is usual to 
prepare equivalent valve characteristics for 
the pair of valves together. Such charae- 
teristics are termed ‘ composite characteristics., 
an example of a composite mutual chag- 
acteristic being shown in Fig. 8. The mutual 
characteristic of V2 is inverted and shift d 
along the X-axis so that its origin lies to 
right of the Y-axis by the same amount, i 
the origin of the other curve lies to the I 

of the Y-axis. The Y-axis represents. 
operating point on the mutual character 
and this is determined by the common, 
bias. The dotted line is the difference betw iieen 
the two currents and represents the effective 
current in the output transformer ags,-a 


function of the input voltage. VRGG 
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18.. For two identical valves, the features of 
the’ .composite : characteristic are at once 
apparent:— on Het 
(a) The -effective transformer current is 
-*"zero at the operating point. — » W 
3-0) The composite. characteristic is much 
‘straighter than either of the individual 
valve characteristics so that the composite 
valve may .be operated down to zero 
current without ‘undue distortion. ....... . 


“lass A Push-pull Amplifiers . . 
“19. Action. The common bias is such that 
‘dach valve’ ‘operates ‘at the centre of the 
fgttaight’ portion of its mutual characteristic. 
prom Fig. 9 it may be seen that the individual 
Giptputs of the two valves suffer from har- 
“fionic distortion and ‘are ‘rich’ in second 
‘Ratmonic components. However, the com- 
ed output (obtained from the composite 
aractéristic) is entirely free ‘from second 
tonic distortion: This is becatise second 
Did “other even-order harmonics cancel out 
Of “ihe output transformer. = °§ * © 
SVI399:; ae ee LS dee 
“205 Power output. ‘The input signal that 
may be applied to the grids of two valves in 
Class A push-pull is twice that for a single 
valve. Thus, when each valve in a push-pull 
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Fig. 9.—VALVES IN CLASS A PUSH-PULL. 


amplifier is operated in the same way as a 
single Class A valve the power output 
obtainable is twice that for a single valve. 
Owing to the cancellation in even harmonic 
distortion in the output, Class A valves in 
push-pull may be permitted to operate 
under the non-linear region of their char- 
acteristic so that the grid drive to each valve 
may be increased. In this case the maximum 
power output obtained for a given percentage 
distortion is greater than twice that for a 
single valve. The optimum anode-to-anode 
load is twice the value required for a single 
valve, since both valves work over the whole 
input cycle (360° working) and the valve 
impedances can be considered to be connected 
in series. The turns ratio of the output 
transformer is adjusted for correct matching, 


21. Advantages of push-pull. The advan- 
tages of the push-pull connection, assuming 
identical ‘matched’ valves are :— 


(a) The direct currents in the two halves 
of the output transformer produce oppos- 
ing fluxes so that there is no resultant d.c. 
magnetisation and hence no d.c. saturation 
of the core. 


(6) Due to the cancellation of even har- 
monic distortion a greater power output 


per valve can be obtained before the 
permissible distortion limit is reached. 


(c) In the same way that the even-order 
harmonics are cancelled in the output 
transformer, so the fundamental signal 
frequency and all odd-order harmonics are 
cancelled in the centre-tapped lead to the 
h.t. supply. There is, therefore, no signal 
frequency current in the d.c. power supply 
and little danger of feedback to other 
stages via the power supply. 


(d) If the h.t. supply is derived from the 
a.c. mains, there is no tendency for mains 
hum to be introduced in this stage since 
the hum currents in the two halves of the 
output transformer balance each other. 


Class B Push-pull Amplifier 


22. The efficiency of a Class B valve is 
greater than that of a Class A valve. Thus, 
where the power output with given valves 
and a given h.t. supply is required to be 
large, two valves may be operated in Class B 
push-pull. The Class B audio amplifier is a 
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Fig. 10.—VALVES IN CLASS B PUSH-PULL. 


push-pull power amplifier in which the valves 
are biased to ‘projected cut-off’; that is, to 
the point P in Fig. 10 where the straight 
portion of the dynamic characteristic, when 
extended, meets the X-axis. A single valve 
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biased in this way would introduce severe 
distortion since the anode current is directly 
proportional to the input voltage on the 
positive half-cycles, while on the negative half- 
cycles the current is virtually zero. A single 
Class B valve cannot therefore be used in an 
a.f. amplifier stage. However, when two 
Class B valves are connected in push-pull 
one of the valves amplifies the positive half 
cycles of the signal voltage, while the other 
amplifies the negative half cycles. The 
output transformer then combines these 
half cycles in such a manner as to give an 
amplified reproduction of the applied signal. 
This is shown in Fig. 10. Class B ampli- 
fication requires a high degree of equality 
between the two valves to avoid distortion; 
that is, the valves should be ‘matched’. 


23. Power output. To obtain maximum 
efficiency in Class B operation, the grid is 
allowed to become positive with respect to 
the cathode on the peaks of the input 
signal and grid current is established. Where 
grid current flows the arrangement is termed 
a Class Be power amplifier. This gives an 
increase in the maximum permissible input 
voltage and consequently in the output 
power. The maximum excitation amplitude 
is over twice that permissible for the same 
valve when working under Class A conditions, 
and the power output from the two valves 
working in Class B, push-pull may be from 
5 to 8 times that obtainable from a single 
Class A valve. The optimum value of load 
reflected between anode-to-anode has to be 
four times the load required for a single 
valve, since only one valve is working at) any 
given instant. The transformer turns ratio 
is adjusted accordingly. Class B push-pull 
amplifiers find their chief use where the 
amount of a.f. power to be developed is 
large, as is the case in public address systems 
and in the modulation of radio transmitters. 


24. Efficiency. The efficiency of a Class B 
amplifier stage is high because of the small 
standing anode current in each valve. The 
maximum theoretical anode efficiency of 
such a valve can be shown to be 78-5 per 
cent compared with the maximum of 50 per 
cent under Class A conditions. In practice 
this figure is not realized and the actual 
efficiency at full rated power output is com- 
monly of the order of 60 per cent compared 
With a practical Class A efficiency of 30 per 


A.P. 3302, Part] A Secr. 10, Cap 2. 


cent. Because of the luw mean value of 
anode current and the relatively high effici- 
ency, the average power dissipation at the 
anodes is much less than that for Class A 
operation giving the same power output. 
It should be noted that if a Class B valve is 
run at /ess than its full rated output the mean 
anode current is less and so also is the anode 
dissipation. The efficiency then rises to- 
wards its theoretical value. 


25. Regulation. The d.c. anode current 
that a Class B amplifier draws from the power 
supply, depends upon the amplitude of the 
signal input. For this reason, the method 
of obtaining the grid bias voltage by means 
of cathode biasing cannot be used. The 
fixed value of grid bias voitage must, there- 
fore, be obtained from a separate supply. 
The h.t. supply system must have good 
regulation to prevent variations in the d.c. 
component of anode current varying the 
supply voltage by more than a few volts. 


26. Comparison with Class A. 
(a) Advantages. 
(i) Higher anode efficiency. 
(ii) Negligible power dissipation when 
no signal voltage is applied. 
(iii) Greater power output available 
from a given valve and given h.t. supply. 


(b) Disadvantages. 
(i) Distortion is greater. 
(it) Operating conditions are more criti- 
cal. 
(iii) The h.t. and bias supplies must have 
good regulation. 


Class AB Push-pull Amplifier 

27. Class AB amplifiers are used to obtain 
efficiencies greater than are obtainable from 
Class A amplifiers, while at the same time 
avoiding the critical adjustments necessary 
for distortion-free operation of Class B 
amplifiers. The valves are used in push-pull 
and the grid bias is adjusted to a value 
intermediate between that required for Class 
A and that required for Class B. When an 
alternating voltage is applied to the grid of a 
single valve operating under these conditions, 
the ouput is badly distorted. When two 


valves are used in push-pull however, the 
distortion is very small as shown in Fig. 11. 
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Fig. §14.—VALVES IN CLASS AB PUSH-PULL. 


28. The Class AB power amplifier has 
operating characteristics such as anode 
efficiency, anode dissipation, and available 
power output intermediate between Class A 
and Class B behaviour. The efficiency of 
40 to 50 per cent obtainable in practice makes 
the Class AB power amplifier suitable for 
use in public address systems where medium 
power output and efficiency are required and 
moderate distortion can be tolerated. The 
possibility of driving the valves into grid 
current (i.e., Class AB, operation) exists in 
the same way as for Class B amplification. 


Triodes in Push-pull 

29. Table 1 shows the power output avail- 
able with triode push-pull systems relative 
to the power output obtainable from a 
single-ended Class A power amplifier. For 
convenience, the practical efficiency at full 
load and the optimum load impedance 
reflected across the primary of the output 
transformer are also shown. 
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Relative 
Power Output 


Practical Efficiency 
(Full Output) 


Single Class A 


Class A Push-pull 
Class AB Push-pull 
Class B Push-pull 


TABLE f. 


Pentodes in Push-pull 


30. The same power triode, pentode and 
beam tetrode valves that are suitable for 


single-ended Class A power amplifiers can. 


be used in all the push-pull arrangements 
discussed. The advantages obtained when 
ntodes or beam tetrodes are operated 
in push-pull are the same as those which have 
been explained for triode valves. The opti- 
mum load is not so easily determined as it is 
for triodes, but it is chosen so that with a 
single valve the distortion is mainly second 
harmonic, since the push-pull arrangement 
does not eliminate third harmonic compo- 
nents. 
Push-pull Input Circuits 
31. -The two valves of a push-pull system 
are to be excited by voltages of equal magni- 
tude but opposite phase. Thus, the input 
to a push-pull stage consists of two sym- 
metrical voltages, balanced with respect 
to earth. This presents the problem of 





Fig. 12—TRANSFORMER INPUT TO PUSH-PULL 
VALVES. 





R = 2r, 
R = 4r, (anode-anode) 
R = 6r, (anode-anode) 


R = 8r, (anode-anode) 
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obtaining balanced exciting voltages from 
a voltage amplifier that normally develops 
an output voltage that 1s asymmetrical with 
respect to earth. One method of exciting a 
push-pull system is to use an inter-valve 
coupling transformer having a symmetrical 
centre-tapped secondary as shown in Fig. 12. 


32. Transformer coupling has the dis- 
advantage that transformers possess a limited 
frequency range. As a result, a number of 
push-pull exciting arrangements based on 
the resistance-capacitance coupled amplifier 
have been devised. One of the simplest of 
these arrangements, known as a ‘phase- 
splitter’ is shown in Fig. 13. The resistors 
Rx and R,; are made large and equal so that 
on the application of the input signal voltage, 
the voltages v,2 and v,3 applied to the push- 
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Fig. 13.—USE OF PHASE-SPLITTER TO DRIVE 
PUSH-PULL VALVES. 
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pull valves V2 and V3 will be equal in magni- 
tude and opposite in phase. The detailed 
action of this circuit and of other ‘para- 
phase’ amplifiers is considered in Part 3 
(Radar). 


33. Since Class Bz and Class ABy power 
amplifiers are driven into the region of 
positive grid voltage, grid current is estab- 
lished on the positive peaks of the driving 
signal to each valve. Power is therefore 
developed in the grid circuits of the push-pull 
stage. To supply this power the preceding 
stage, usually referred to as the ‘driver stage’, 
must itself be a power amplifier, although its 
power output will be only a small fraction 
of the total power output from the push-pull 
stage. The driver stage is usually a single 
triode power valve working under Class A 
conditions. The grid circuits of the push- 
pull stage must have a low impedance to 
prevent the excessive generation of harmonics, 
caused by the non-linearity of the grid circuit 
which results from the flow of grid current. 
Consequently the grid signal voltage of the 
push-pull stage is usually supplied from the 
driver stage by means of a step-down match- 
ing transformer having a_ centre-tapped 
secondary to provide the balanced input. 


Valves in Parallel 


34. Another method of increasing the power 
output of an amplifier is to arrange two or 
more valves with their electrodes connected 
in parallel, as shown in Fig. 14. This 
combination may be replaced by an equi- 
valent valve with the following character- 
istics :-— 


Anode slope resistance = ee 
Mutual conductance = ng,. 
Amplification factor = up. 


The power handling capacity is in- 
creased by n, where n is the number of 
valves in parallel. Because of the lowered 
anode slope resistance, the anode load 
must also be reduced if the combination is to 
work as efficiently as a single valve. The 
turns ratio of the output transformer is 
adjusted accordingly. When valves in par- 
allel are used as a.f. power amplifiers they 
can be operated only under Class A con- 
ditions, as for a single valve. The advan- 
tages are not therefore so great as for valves 
connected in push-pull. 


COMMON 
ANODE 


co (- (- -\ (- 





Fig. 14.—VALVES IN PARALLEL. 


Transistor Power Amplifiers 


35. At their present stage of development, 
transistors are limited in the amount of 
power they are capable of handling since, 
if the rise in temperature becomes excessive, 
damage to the transistor will result. The 
maximum output available from a single 
power transistor operating under Class A 
conditions is of the order of 3 to 4 watts. 
For higher power outputs, transistors may be 
connected in push-pull in much the same way 
as valves. Fig. 15 shows a transistor driver 
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Fig. IS.—TRANSISTOR POWER AMPLIFIER. 


stage working under Class A_ conditions 
coupled by a transformer to a push-pull 
transistor stage working under Class B 
conditions. Ri, Re and Rg; provide the bias 
voltages for the driver stage, and Ry and R; 
provide the Class B bias for the push-pull 


stage, the resistance of the output trans- 
former primary providing the emitter bias. 
Both transformers are step-down to provide 
the correct matching. With a 14 volt supply 
the distortion is less than 4 per cent at full 


POWER AMPLIFIERS 


rated power output of 10 watts, and the 

frequency response is flat from about 150 c/s 

to 7,000 c/s. The current consumption is 

on 0-75 amperes, so that the efficiency is 
gh. 
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PART 1A SECTION 10, CHAPTER 3 
FEEDBACK 


Positive Feedback 


1. ‘Feedback’ is the return of energy from 
the output to the input of an amplifier. 
Where the energy fed back is in phase with 
the original input signal, so that it tends to 
increase the gain of the amplifier, the feed- 
back is said to be ‘positive’. Fig. 1 shows 





Fig. 1.—POSITIVE FEEDBACK. 


the schematic diagram of an amplifier to 
which positive feedback is applied. The 
amplifier has an initial gain A and positive 
feedback is applied in such a manner that a 
fraction 8 of the output voltage is fed back 
into the circuit in phase with the input 
signal. The factor 8 is termed the ‘feedback 
factor’. Since a valve is a voltage operated 
device no power need be fed back, and the 
presence of the feedback network need not 
affect the output voltage. 


2. The original signal applied to the ampli- 
fier is E,, the output voltage is E. and a 
fraction ® of E, is fed back to assist E). 
Hence, the input to the amplifier is (E; + 
BE2). This signal, amplified A times, pro- 
duces the ouptut voltage E, so that:— 


EF, = A (Ei + 8E2). 
Thus, the gain A, with feedback is :-— 


_ EE _ A 
A, = E,~ 126A ° (1) 

The application of positive feedback to the 
amplifier is seen to increase the gain of the 
amplifier from A to 

1—-8A 
BA == 1, the gain becomes infinite. In 
fact, the amplifier becomes an ‘oscillator’ 


However, when 


(see Sect. 12); instability has occurred. 
Positive feedback is sometimes known as 
‘regeneration’ or ‘reaction’ and was exten- 
sively used in the early days of radio. How- 
ever, since its use led to a decrease in the 
stability of an amplifier, this method of 
increasing the amplification is seldom used 
nowadays. 


Negative Feedback 


3. Where the energy fed back from the 
output to the input of an amplifier is in 
anti-phase with the original input signal, 
the feedback is said to be ‘negative’. Fig. 2 





Fig. 2.—NEGATIVE FEEDBACK. 


shows the schematic diagram of an amplifier 
to which negative feedback is applied. The 
amplifier has an initial gain A and negative 
feedback is applied in such a way that a 
fraction 8 of the output voltage Es is fed 
back into the input circuit in opposition to 
the original signal E,;. Hence, the total 
input to the amplifier is (E,; — BE2). This 
signal, amplified A times, produces the out- 
put voltage E2 so that :— 


E, = A (Ei — @E). 
Thus, the gain A, with negative feedback is :-— 
_ ER A 
= = ipsa @ 
4. The application of negative feedback 
to the amplifier reduces the gain of the 


amplifier from A_ to However, 


1+ 6A’ 
provided sufficient feedback is applied, 
a great improvement in stability and general 
performance of the amplifier is obtained. 
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In fact, the use of negative feedback converts 
a valve amplifier from a device whose gain 
depends on numerous factors, such as supply 
voltage and age of valves, into a precision 
device whose gain may be made almost 
independent of these external factors. 


Effect of Negative Feedback on Gain 
5. Since the gain A, with negative feedback 


1S +A? it is seen that if BA is large 


compared with 1, the denominator is 
approximately equal to BA, and the gain A, 
becomes :— 


a oes, 
Ao GA SB “8 (3) 


(provided BA > 1). 


Since the gain in this case is now completely 
independent of A, any factor that may cause 
a change in A will not alter the effective gain 
A, of the negative feedback amplifier. 


6. Example. An amplifier has an overall 
voltage gain A, without feedback, of 20,000. 
Let »,th of the output voltage be applied as 
negative feedback. This reduces the gain 
of the amplifier to :— 


A 
Ao= 14 6A 
20,000 
~ J + 20.099 
A, = 49-9. 


Suppose that for any reason the inherent 
gain A of the amplifier drops to 10,000. 
This big reduction in gain reduces the gain 
of the negative feedback amplifier to :— 


10,000 
He = TF anges 
A, = 49-75. 


Thus, although the inherent gain of the 
amplifier is reduced by 50%, the overall 
gain of the amplifier with negative feedback 
drops only from 49-9 to 49-75. Of course, 
the gain of the negative feedback amplifier 
has been considerably reduced in relation to 
that of the amplifier without negative feed- 
back, but the advantages of negative feed- 
back in maintaining the gain stability of the 
amplifier and in reducing distortion (see 
Para. 7) more than compensate for the 
additional stages of amplification required. 


Effect of Negative Feedback on Distortion 


7. In addition to the effect it has on the 
stability of gain, negative feedback is used to 
reduce all forms of distortion produced by an 
amplifier. 


8. Attenuation distortion. Distortion due to 
a variation in the gain of an amplifier with 
frequency is greatly reduced by the application 
of negative feedback over the range of 
frequencies for which BA is large, provided 
that B is made independent of frequency 
(i.c., if a simple resistive feedback network 
is used). This follows directly from the 
fact that the gain in such a case approximates 


to | and if 8 is independent of frequency so 
also will be the gain. Fig. 3 shows the gain- 
frequency response curves of a three-stage 
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Fig. 3.—EFFECT OF NEGATIVE FEEDBACK ON 
ATTENUATION DISTORTION. 


resistance-capacitance coupled amplifier, be- 
fore and after the application of negative 
feedback for which 6 was oa The effects 
of negative feedback do not become really 
pronounced until the inherent gain A has 
become large enough to make BA much 
greater than 1. This occurs only above 
500 c/s in this case. In some circumstances 
deliberate attenuation distortion may be 
required. The feedback network is then 
made reactive so that 6 varies with frequency 
to give the desired gain-frequency response. 


9. Non-linear distortion. As noted in Chap. 
2, the non-linear characteristics of a valve 
May give rise to amplitude distortion, 
harmonic distortion and intermodulation 
distortion. In general, the percentage of 


non-linear distortion in the output of an 
amplifier will be reduced by the application of 
negative feedback. For harmonic distortion, 
when negative feedback is applied, any 
harmonics in the output will be fed back into 
the input, will be amplified, and will appear 
in the output 180° out of phase with the 
original harmonics. Cancellation of the 
harmonics may then be achieved. It can 
be shown that the distortion is reduced 
according to the relation :— 
D 
D, = 1 + pA ae (4) 
where D, = Distortion with feedback, 
D = Distortion without feed- 
back. 


10. Phase distortion. There is in general, a 
phase shift through an amplifier such that 
the components in the output do not bear 
the same phase relationships to each other as 
do the same components in the input. This 
phase shift is reduced by the application of 
negative feedback. 


11. Noise. Noise picked up or generated 
within the feedback loop is reduced by the 
Spear of negative feedback according to 
relation :— 
N 
N, = 1+ BA ee (5) 


where N, = Noise with feedback. 
N = Noise without feedback. 


The noise may be due to valve noise or to 
hum produced by a poorly smoothed h.t. 
supply, but provided it is generated within 
the feedback loop it is reduced by the factor 
shown. Noise picked up outside the feed- 
back loop behaves as part of the incoming 
signal and negative feedback cannot improve 
ae signal to noise ratio under those con- 
itions. 


12. The input and output impedances of an 
amplifier are also modified by the appli- 
ed of ran aN ene The input 
impedance is im appears at 
the input terminals when ‘looking into’ the 
circuit from the signal source, and it is 
important when calculating the power ab- 
sorbed by the circuit when it is acting as a 
load on the signal source. The output 
impedance of an amplifier is the impedance 


Peeppack 


that appears at the output terminals when 
‘looking back’ into the circuit from the load. 
For a conventional valve amplifier the out- 
put impedance can be consi to be the 
anode slope resistance of the valve. Output 
impedance is important when calculating 
the voltage or power supplied by the ampli- 
fier when it is acting as a generator for the 
load. The effect of negative feedback on 
input and output impedances ds on 
the method of applying the feedback, and 
typical methods are discussed in the suc- 
ceeding paragraphs. 

Voltage Negative Feedback 

13. When the voltage fed back into the 
input circuit is proportional to the voltage 
across the output load, and is in opposition 
to the input voltage, the arrangement is 
known as voltage negative feedback. The 
voltage fed back is usually obtained by 
placing a potential divider R;, Re across the 
load as shown in Fig. 4. R; + Re is large 





Fig. 4.—-GENERAL CASE OF VOLTAGE NEGATIVE 
FEEDBACK. 


compared with the load impedance R,, and 
its shunting effect may be neglected. The 
output voltage E2 is developed across Ri 
and Re in series and the voltage fed back is 
that developed across Rz. In this case the 


14. In Fig. 4, if A represents the gain of a 


single valve amplifier with a resistance load, 
then without feedback :— 


= BR, 
A = + Re 
By substituting this for A in the expression 
hoe Tak the gain with negative feed- 
kis:— 
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pp 
a+ p39 ™ 
A, = ————_—~- 


(6) 


I, 
G+ py + ® 
This is the formula for the v.a.f. of a stage 
with the amplification factor reduced to 


i + Bp) and the anode slope resistance 


r, ‘ ‘ 
reduced to a + fp - The reduction in 


gain due to the application of negative feed- 
back is already known, but in addition it is 
seen that the application of voltage negative 


feedback reduces the ouput impedance of the 
stage by the factor “@ + Bp) * This reduc- 
tion in impedance is of great importance in 
the output stage of an amplifier since it 
facilitates the matching of a high impedance 


valve, such as a pentode, to a low imped- 
ance load. 


Practical Voltage Negative Feedback 
Circuits 


15. One method of applying voltage nega- 
tive feedback to a single stage amplifier 
is shown in Fig. 5. In Fig. S(a), Ri and Re 
form a potential divider across the output 


D HY. + 








Fig. 5.—SINGLE STAGE VOLTAGE NEGATIVE 
FEEDBACK. 


load, their values being such that R; + Re 
is large compared with the load impedance. 
C; is a ‘blocking’ capacitor to prevent the 
application of h.t. voltage to the grid, and 
its value is such that its reactance is negli- 
gible over the working range of frequencies. 
From the equivalent circuit of Fig. 5(b), it 


is seen that 6 =RiR, where R is the 
combined resistance of R; and Rs in parallel. 


16. Another popular circuit that is used for 
the application of voltage negative feedback 
to a single stage amplifier is shown in Fig. 6. 


DHT. 





oHT— 


Fig. 6.—TYPICAL VALUES FOR VOLTAGE 
NEGATIVE FEEDBACK A.F. STAGE. 


Component values suitable for an af. 
amplifier are inserted. Over the range of 
frequencies for which the reactance of C, 


‘ od R I. uw 
is negligible, 8 = R, Te = 7 using the 
typical values shown. 


17. Feedback in a multi-stage amplifier is 
often provided over more than one stage. 
Fig. 7 shows a three-stage amplifier with 
voltage negative feedback applied over all 
three stages. R; and Re form a potential 
divider across the primary of the output 
transformer, and over the range of frequen- 
cies for which the reactance of C, is negligible, 


R : 
B “RR + Re” where R iS the combined 


resistance of R; and Rg in parallel. Al- 
though triode valves have been considered 
in the foregoing, the arguments apply equally 
well to beam tetrodes and pentodes. 








Fig. 7—VOLTAGE NEGATIVE FEEDBACK OVER 
MORE THAN ONE STAGE. 


Current Negative Feedback 

18. Current feedback is said to have been 
applied to an amplifier when the voltage fed 
back is proportional to the current in the 
load. This form of feedback is usually 
obtained by placing a small resistance R in 
series with the anode load R,, and feeding 
back the voltage developed across R in 
eprom to the incoming signal as shown 
in Fig. 8. 





Fig. 8 —GENERAL CASE OF CURRENT NEGATIVE 
FEEDBACK. 


19. The simplest method of applying single 
stage current negative feedback to a valve 
employing cathode bias is to disconnect the 
by-pass capacitor from the cathode bias 
resistor. The afrangement is shown in 
Fig. 9a), and the equivalent circuit in Fig. 
9(b). By calculating the output voltage E, 
and the grid voltage v, in terms of the circuit 
constants and components it may be shown 


that the gain Z with negative feedback is :— 


= eR 
A= pPRa+ =) +R 
This may be written as :— 


A, = pR, 
= FFT 
where r.) = 1, + Re (i +p) .. () 


Freepsack 


Thus, the valve after current -negative feed- 
back has been applied behaves as if its anode 
slope resistance has been increased by Rx 
(1 + yp). Thus, current negative feedback 


increases the output impedance of an amplifier 
by this factor. 








Fig. 9.—BASIC CURRENT NEGATIVE FEEDBACK 
CIRCUIT, 


20. Example. A type 6V6 valve has the 
following constants :— 
r, = 50,000 ohms: p» = 200. 
It is used as a voltage amplifier as slowh 
in Fig. 10. It is required to determine the 
effect on the output impedance Z of removing 
the capacitor C. 
Without feedback :— 
Z =r, = 50,000 ohms. 
With feedback :— 
Z I, Te Rx (1 + ry) 
50,000 + 500 (1 + 200) 
150,500 ohms. 


Removal of C thus increases the output 
impedance by 100,500 ohms. 
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Fig. 10—EFFECT OF CURRENT NEGATIVE 
DBACK ON OUTPUT IMPEDANCE. 


Practical Current Negative Feedback 
Circuits 


21. Fig. 11 shows current negative feedback 
applied to a single amplifier stage, where the 
feedback resistance is :-— 


(a) Equal to the cathode bias resistance. 
(6) Smaller than the cathode bias resistance. 
(c) Greater than the cathode bias resistance. 


In Fig. 11(a), R; provides both bias and 
eedback. In Fig. 11(b), R, pro- 
vides feedback, and R, + R: provides bias. 
In Fig. i1(c), Ri + Re = R, provides feed- 
back and R, provides bias. 


22. Fig. 12 shows a single stage current 
negative feedback arrangement in which 
the feedback decreases as the frequency 
increases. The reactance of C is compar- 
able with R over the working range. The 

amount of negative feedback voltage develop- 
ed across C and R depends on the frequency, 
being greatest at the lowest frequency. 
Thus, the gain of the amplifier increases as 
the frequency increases. 


23. Fig. 13 shows a single stage current 
negative feedback arrangement in which the 
feedback increases as the frequency increases 
because of the increase in the reactance of L. 
Thus, the gain of the amplifier decreases with 
increase in frequency. 

24. In Fig. 14 single stage current negative 
feedback has been applied by not decoupling 
the cathode bias resistors Rx; and Rx. 


we 
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Fig. 11.—APPLICATION OF CURRENT NEGATIVE 
FEEDBACK TO A SINGLE STAGE. 


Feedback over two stages has also been 
applied since all the current through the 
load T: flows through part of Rx: developing 
a voltage across Rx: which is in opposition 
to the incoming si 


Composite Negative Feedback 

25. The application of voltage negative 
feedback causes the output impedance of an 
amplifier to be reduced. The output im- 
pedance is increased by the application of 





HTt~ 


Fig. 12,.—DECREASE OF NEGATIVE oo 
WITH INCREASE OF FREQUENCY 


current negative feedback. Thus, by simul- 
taneous application of both types of feed- 
back (termed ‘composite feedback’) the 
output impedance of an amplifier can be 
given any desired value within reasonable 
limits. 


DHI-f- 





Fig. 13.—INCREASE OF NEGATIVE FEEDBACK 
WITH FREQUENCY. 


Series and Parallel Negative Feedback 


26. In all cases of feedback so far discussed, 
the signal fed back has been applied in ‘series 
with the input signal. This type of feedback 
is known as ‘series feedback’. Its dis- 
tinguishing property is that the input imnped- 
ance is increased no matter whether voltage, 
current or composite feedback is employed. 
These latter considerations affect only the 





Fig. 14. oe NEGATIVE FEEDBACK OVER 


RE THAN ONE STAGE. 


output impedance as noted earlier. Fig. 
15(a) shows an amplifier with series voltage 
oN feedback ; the input impedance 

increased, and " the output impedance 
is reduced. Fig. 15(b) shows an amplifier 
with series current negative feedback , the 
input and the output impedances are ‘both 
increased. Fig. 15(c) shows that the input 
impedance of the amplifier considered by 
itself is in series with the feedback resistor 
so that the input impedance with series 
feedback is greater than that for the amplifier 
without feedback. 





Fig. 15.—SERIES NEGATIVE FEEDBACK. 
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27. An alternative method of applying 
feedback is in parallel with the incoming 
signal. This has the effect of decreasing 
the input impedance. Voltage, current or 
composite feedback may be employed and the 
method used will determine the output 
impedance. Fig. 16(a) shows an amplifier 








(Cc) 
Fig. 16—PARALLEL NEGATIVE FEEDBACK. 








Series voltage feedback 
Series current feedback 
Parallel voltage feedback 
Parallel current feedback 


with parallel voltage negative feedback where 
the input and output impedances are both 
reduced. Fig. 16(b) shows an amplifier 


‘with parallel current negative feedback ; 


in this case the input impedance is reduced 
and the output impedance is increased. 
Fig. 16(c) shows that the input impedance of 
the amplifier considered by itself is in parallel 
with the feedback resistor so that the input 
impedance with parallel feedback is less than 
that for the amplifier without feedback. A 
low input -apedance is desirable in an output 
stage where power is being supplied from a 
driver stage ; distortion in the output stage 
is thereby reduced (see Chap. 2, Para. 33). 


Summary of Negative Feedback 


28. The effects of negative feedback on 
apa performance are s be- 
ow :— 


are gain of the amplifier is reduced to 
i+ pA (Para. 3). 


(b) Any variation in the overall gain, 
caused by a change in the inherent gain 
A, is reduced (Para. 6). 

(c) All forms of distortion are reduced 
(Para. 7). 





(d) The gain-frequency response may be 
adjusted by choice of a suitable feedback 
network (Paras. 8, 22, and 23). 

(e) Noiseé generated within the feedback 
loop is reduced (Para. 11). 

({) The input and output impedances of 
the amplifier are altered in accordance 
with Table 1. 


e 





TABLE !. INPUT AND OUTPUT IMPEDANCES. 


The Cathode Follower 


29. In circumstances where an amplifier is 
required to have a very high input imped- 
ance and a very low output impedance, a 
cathode follower circuit is used. This type 
of circuit is illustrated in Fig. 17. The 
circuit is really a special case of the appli- 
cation of series voltage negative feedback. 
The load Rx is in the cathode circuit and the 
total voltage developed across the load is fed 
back to the input in opposition to the incom- 
ing signal. The feedback factor § is there- 
fore equal to 1, and there is always an overall 
loss instead of a gain. 


H+ 





Fig. 17.—THE CATHODE FOLLOWER. 


30. A rise in input voltage causes an in- 
crease in anode current which, in turn, 
increases the potential of the cathode with 
respect to earth. Thus, the cathode poten- 
tial ‘follows’ that of the grid and the putpat 
voltage is in phase with the input voltage. 
The gain without feedback is given by :— 


_. _bRx 
A= I, + Rx 
With ene the gain is :-— 
ATP 





(since 8 = 1). 


De Tek 


Substituting for A :— 


wR,x 
r, + Rx 
A, = 7 
PARK 
1+ n+ Re 
wRx 
ta + Re + pRg 


a wRx 

“Ao= TER OTH 
Since r, + Rx (1 + ) must always be greater 
than Rx, it follows from equation (9) that 
the gain with feedback is always less than 1, 
although by making p» and Rx large it may 
approach 1. Since the output voltage v, is 
only slightly less than the input voltage Vp 
the actual voltage applied to the valve, v, = 
(v,-——v,) is very and the cathode 

follower can handle large input voltages. 


31. Equivalent circuit. By dividing numer- 
ator and denominator Of equation (9) 
by (1 + ,), the gain with feedback may be 
written as :— 


a 
arp Be 
Ta 

G+ yt Re 


Ay = ARE. co) 


ir ar") 
Thus, the cathode follower behaves as a-nor- 
mal ne with the amplification factor 


reduced to (i = T+ the anode slope resist- 
ance reduced to i = ay 


much greater than I, ss umal he) a 





If the valve p is very 


approximates to 1, and dF approximates to 
m% . 1 
a 


a The equivalent circuit is shown 
in Fig. 18. 


32. Output impedance. Owing to the appli: 
cation of voltage negative feedback, the 
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Fig. 18.—CATHODE FOLLOWER EQUIVALENT 
CIRCUIT. 


eat” anaes aan 
is reduced to-.—— Wp) + The output 


impedance is equal to wo ob equivalent r, 
in parallel with the load Rx as shown in 
Fig. 18. Thus, the output impedance is 


slightly ess than =" Assuming a value for 


8 in a triode of 4mA/V, the correspond- 
ing ee ee is ximately 
ohms. output im ce of a 

aan Bie is, therefore, very low. 


33. Input impedance. Since series negative 
feedback is used in the cathode follower, 
the input impedance is increased (see Para. 
26). This increase is due to two reasons :— 
(a) Since there is no varying voltage on the 
anode, the valve inter-electrode capacit- 
ance Cy, has less effect, because it charges 
and discharges to the extent of the grid 
signal only and not, as in the conventional 
amplifier, to the extent of (anode variation 
+ grid variation). 
(5) Since the grid and cathode are in 
phase, the valve inter-electrode capacit- 
ance C,, charges and discharges to the 
difference between the input and output 
Vv whereas in conventional 
amplifier “it does so to the extent of the 
input signal. 
Expressed as an equation these facts give :-— 
Conventional amplifier. 
Input capacitance = Cy, + (1+ A) Ca. 
Cathode follower. 
Input capacitance = (1 — A) Cy. + Ca. 


The input capacitance of the cathode fol- 
is, therefore, very low, and since 


impedance is inversely proportional to 
capacitance (i.e., Z = =e) the valve input 
impedance is high. 


Example. For a Cvio91 _ pentode, 
Cy = 8:3 pF and C,, = 0-007 pF. When 
connected in a conventional amplifier circuit 
the gain A = 99; when used in a cathode 
follower circuit the gain A, = 0-9. Then :-— 


Conventional amplifier. 

Input capacitance = 9 pF. 
Cathode. follower. 

Input capacitance = 0-837 pF. 


At a frequency of 160 ke/s the input imped- 
ances are 111 kg and 1-2 MQ respectively. 


34. Grid bias. In the basic cathode fol- 
lower circuit, bias is provided by the load Rx. 
However, in general, the value of bias so 
provided is too large, and to reduce the bias 
it is normal to return the grid leak to a point 
on the cathode that is positive with oo 
to earth. Two circuit arrangements 

shown in Fig. 19. In both cases the bias 


T+ 








Fig. 19.—BIAS IN THE CATHODE FOLLOWER. 


voltage is provided by R,, but in (a) the out- 
put is taken across Rx only, while in (b) the 
output is taken across (Rx + R,). 


35. Applications of cathode follower. This 

circuit is used :— 
(a) For insertion between a circuit that has 
a high output impedance and a circuit 
that has a low input impedance to give 
correct matching with minimum distortion. 
(b) As a ‘buffer’ stage in an amplifier. 
The frequency response of a normal re- 
sistance-capacitance coupled amplifier falls 
off at high frequencies due to the effect 
of the shunt capacitances. A cathode 
follower with its low input capacitance 
and low output impedance provides a 
suitable coupling stage. 


36. Comparison of cathode follower with 
conventional amplifier. Table 2 gives a 
comparison of the main points discussed in 
the preceding paragraphs. 






phase 





Input impedance 


| Conventional amplifier 
| Greater than 1 








Input and output in anti- 


Low to medium value 


Cr nr aa A A ce 


FEEDBACK 
a ‘grid stopper’ as shown in Fig 20. Para- 
sitic oscillations occur mainly in the pov-er 
stage of an amplifier. 





Fig. 20.—REDUCTION OF MILLER FEEDBACK. 


39. Feedback threugh a common impedance. 
Arn impedance that is common to two or 
more circuits will always introduce inter- 
action between those circuits, unless it is 





Cathode follower 
Less than 1 













Input and output in phase 


TABLE 2. COMPARISON OF CATHODE FOLLOWER WITH CONVENTIONAL AMPLIFIER. 


Undesired Feedback 


37. Feedback in an amplifier may be 
deliberate, as in the negative feedback cir- 
cuits discussed, or it may be random and 
unwanted. In the latter case random vari- 
ations in the gain of the amplifier and dis- 
tortion will result, unless preventative steps 
are taken. 


38. Miller feedback. This occurs through 
the valve inter-electrode capacitance C,, and 
it will be positive feedback if the anode load 
is inductive (see Sect. 11, Chap. 1). Miller 
feedback normally results in the production 
of ‘parasitic’ oscillations that are above 
audibility, but may cause distortion. The 
remedy is to introduce damping by means of 


decoupled. Thus, in a cathode-biased valve 
the cathode resistor is common to both 
grid and anode circuits, and if it is not 
decoupled, current negative feedback results. 
The remedy is to shunt the cathode bias 
resistor by a large value capacitance to 
provide a low impedance path for the 
alternating component of anode current. 
Very little alternating voltage is then develop- 
ed across the bias resistor and feedback has 


been eliminated. 


40. Fig. 21 shows the arrangement of a 
two-valve amplifier with a common h.t. 
supply. In this case the internal resistance 
of the supply is an impedance common to 
both valves. The a.f. anode current of the 
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output valve flows through the primary of 
the output transformer and through the h.t. 
supply back to V2 cathode, so that an 
alternating p.d. is developed across the 
internal impedance of the supply. This 
alternating p.d. is superimposed on the h.t. 
potential applied to the first valve and 
constitutes a feedback voltage which is 
developed across the grid leak of Vo, via Ri 
and C,. The feedback may be positive, in 
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Fig. 21.—FEEDBACK THROUGH A COMMON 
IMPEDANCE. 


which case instability and tendency to a 
type of oscillation commonly referred to as 
‘motor-boating’ may result. To prevent such 
feedback it is necessary to decouple the 





resistance of the h.t. supply. The decoupling 
components are Rp and Cp in the h.t. supply 
lead to the anode of Vi ; preceding stages, 
if any, are decoupled in a similar manner. 
Rp and Cp are connected in series across the 
supply terminals and their junction is taken 
to V, anode circuit. The capacitor has a 
value, depending on the frequency, such that 
it offers a low reactance to the alternating 
component in the h.t. supply. Thus, the 
alternating component is dropped across the 
resistor and the p.d. across the capacitor is a 
steady d.c. equal to the h.t. supply. It is 
this latter voltage that is applied to V; anode 
to ensure that no unwanted feedback voltage 
reaches V2 grid. Typical values for Rp and 
Cp in an a.f. amplifier are 10 kQ and 1pF 
respectively, but the degree of decoupling 
may be increased by increasing both Rp and 
Cp. There is no need to decouple the last 
stage in an amplifier since, if all the previous 
Stages are decoupled, nothing can be fed 
back to it. 


41. Feedback through Stray capacitance and 
inductance. Inductive coupling between 
transformers or between chokes, and coupling 
due to stray capacitances can be prevented 
only by careful desien and adequate screening 
of components. 


Typical High Quality Amplifier 

42. The circuit of an amplifier incorporating 
some of the features discussed in this Section, 
and capable of providing an output of 10 
watts at less than 1% total distortion, is 
illustrated in Fig. 22. 


Fig. 22.—TYPICAL HIGH QUALITY A.F. AMPLIFIER. 


43. (a) First stage. V; is a high-gain 
pentode voltage amplifier working under 
Class A conditions. The cathode bias is 
provided by Re. The signal input is 
applied to V; grid via the potentiometer Ri 
which operates as a ‘gain’ control. Over- 
all voltage negative feedback is applied to 
this stage by the potential divider Ry, Rs 
connected across the secondary of the 
output transformer. Since Rs is not 
decoupled, current negative feedback is 
also operative. Vi is resistance-capacit- 
ance coupled by Re, Cs, R7 to the driver 
stage Vo, the stage gain of V, being approxi- 
mately 120. 


(b) Driver stage. V2 is a pentode with 
screen and suppressor strapped to the 
anode. This effectively converts the valve 
into a triode, while still retaining the high 
mutual conductance of the pentode, and it 
enables the same type of valve to be used 
both for V; and V2, thus reducing the 
‘spares’ problem. VV), operates as a phase- 
splitter, driving V3, V4in Class A push-pull. 
Grid bias is provided by Rs; Ro and Rio 
are the cathode and anode loads respec- 
tively. V2 is coupled by C;, Cg and the 
grid leaks Ri, Rie to the grids of V3, Vs. 
Anode decoupling for the stages V; and V2 
is provided by Ris, C5 


(c) Output stage. Vs, V. are high-slope 
pentodes connected in Class A push-pull. 
Cathode bias is provided by Rig and Riv. 
The anti-phase inputs are developed across 
the grid leaks Ry; and Rye, and applied 
via the anti-parasitic resistors Ris, Ris to 
the grids of V3, Vs. Rig and Rig in the 
screen connections to V3, V4 are also 
anti-parasitic resistors which damp out 
any unwanted feedback. The turns ratio 
of T; is such that correct matching between 
the output stage and the loudspeaker is 
obtained. 


(2) Power Supplies. Vs is arranged in a 
conventional full-wave rectifier circuit to 
provide an h.t. supply of 320 V at 180 mA, 
smoothed by the capacitance input filter 
Cis, Li, Cie. An additional winding on the 
mains transformer provides 6-3 V for the 
valve heaters. 


FEEDBACK 


Negative Feedback in Transistor Circuits 


44. To reduce distortion and improve the 
general performance of a transistor amplifier, 
negative feedback may be applied in a manner 
similar to that for a valve amplifier. Fig. 
23(a) shows a resistance-capacitance coupled 
transistor stage in which the decoupling 
capacitor across the resistance Rs in series 
with the emitter has been removed. The 
resulting current negative feedback reduces 





Fig. 23.—NEGATIVE FEEDBACK IN TRANSISTOR 
CIRCUITS. 


the stage gain and percentage distortion, 
while increasing the input and output 
impedances of the amplifier. Voltage nega- 
tive feedback over more than one stage is 
illustrated in the circuit of Fig. 23(b). The 
potentiometer Rs, R, connected across the 
output provides voltage negative feedback 
to the first stage, and reduces the output 
impedance of the amplifier. 
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PART 1A SECTION 10, CHAPTER 4 
MAGNETIC AMPLIFIERS 


Introduction 

1. In the previous Chapters of this Section, 
valve and transistor type amplifiers are 
considered. For certain purposes however, 
an alternative form of amplifier, known as 
the magnetic amplifier, is used. The con- 
trollable element in a magnetic amplifier is a 
transductor, the principles of which are 
described in Bk 1 Sect. 7. Chap 3. 

Because of the 

absence of valves, the magnetic amplifier is 
characterised by its robustness and insen- 
sitiveness to mechanical shock. Its operating 
characteristics are constant over long periods 
of time, unlike those of the valve. Thus, the 
magnetic amplifier is finding increasing 
application where reliability, long life and 
robust construction are important. Power 
gains of up to about 10° per stage may be 
readily obtained without instability. With 
the magnetic materials at present available, 
the supply frequencies range from 50 c/s to a 
few kc/s, and, because of the time constant 
of the transductor, this sets a limit to the 
signal frequency. Consequently the mag- 
netic amplifier is well suited (when the 
output is rectified) for d.c. amplification. 
Other applications are considered later. 
Basic Magnetic Amplifier 

2. Fig. 1 illustrates an elementary trans- 
ductor which consists of two series-connected 
output windings A and B, and a control 
winding C. The output windings are con- 
nected in phase opposition so that no alter- 
nating voltage is induced in the control cir- 


cuit by transformer action from the output 
windings. 





Fig. |.—BASIC MAGNETIC AMPLIFIER. 


3. When the control current I, is zero, the 
cores are unsaturated and, because of the 
high impedance of the output windings to 
the applied a.c., the output current I, in the 


load R,; is small. As the d.c. control current 
is progressively increased in either direction 
the cores tend towards saturation and, be- 
cause of the resultant decrease in the im- 
pedance of the output windings, the output 
current increases (see Bk 1, Sect. 7, Chap.3; 
detailed operation). A graph showing the 
relationship between the output current and 
the control current is illustrated in Fig. 2. 


OuT CURRENT 


CONTROL CURRENT I, 


Fig. 2—OUTPUT CHARACTERISTIC OF SIMPLE 
TRANSDUCTOR. 


Amplification is obtained since a relatively 
small variation of control current gives a 
large variation of output current. Thus, the 
action of the magnetic amplifier is such that a 
small direct current in one winding controls 
a comparatively large a.c. power in the load 
circuit. 


Need for Bias 


4. A transductor having an _ operating 
characteristic similar to that of Fig. 2 cannot 
discriminate between control signals of 
different polarity, and the sign of the output 
remains the same for positive and negative 
control currents. Furthermore, the most 
convenient and most sensitive operating 
point of a transductor does not coincide 
with zero control current. However, a 
‘sensed’ output and increased sensitivity can 
be obtained by biasing the transductdr so 
that its operating point lies in the middle of 
one of the linear portions of the characteristic, 


5. Bias is obtained by providing the 
transductor with an additional d.c. winding 
around both cores and by supplying this 
bias winding with current from a d.c. source. 
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The d.c. bias current must be of correct 
value and polarity to give the required sense 
of output. The bias is obtained either by 
rectifying the a.c. supply or from an external 
d.c. bias supply as shown in Fig. 3(a). The 
resultant displacement of the operating 
point is shown in Fig. 3(b). In this instance 
the transductor output current will increase 
with a positive control signal, and will 
decrease with a negative control signal. 
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Fig. 3.—BIAS AND ITS EFFECT. 


Feedback 

6. The sensitivity of a magnetic amplifier may 
be greatly increased, and its performance 
improved in certain respects, by feeding a 
proportion of the (rectified) output signal 
back to the input circuit in such a direction 
as to assist the control signal. This positive 
feedback may be applied to a transductor 
by means of an additional ‘feedback winding’. 
A typical circuit ,arrangement is shown in 
Fig. 4(a). Thecurrent in the output windings 
is rectified by a full-wave bridge rectifier so 
that it flows through the feedback winding 
in the same direction at all times and thus 
establishes a magnetic flux which assists that 
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Fig. 4.—POSITIVE FEEDBACK AND ITS EFFECT. 


due to the d.c. control signal. The magnitude 
of the feedback is proportional to that of 
the output current and, hence, that of the 
input signal. 


7. The effect of positive feedback in 
increasing the sensitivity of the amplifier is 
shown by the increased slope of the trans- 
ductor operating characteristic (Fig. 4(b)). 
Using positive feedback and choosing suit- 
able cbre materials and winding turns-ratios, 
it is possible to construct transductors with a 
power amplification of the order of 108. It 
should be noted that negative feedback may 
be applied in a similar manner in instances 
where the amplification is already adequate 
and greater stability is required. 


Transductors in Cascade 


8. As the amplification of a transductor 
stage is increased, so its response time is 


increased in direct proportion(see Bk 1,Sect.7, 


Chap. 3, Para. 24). Thus, a high stage gain 
is accompanied by a sluggish response to an 
applied signal, and a rapid response can be 
obtained only by making the gain quite low. 
To obtain high amplification without in- 


curring an unduly large response time, it is 
necessary to limit the amplification per stage 
and to connect several stages in cascade. 
The a.c. output of the first stage is rectified 
and applied to the control circuit of the 
second stage, this process being repeated 
according to the number of stages. The 
overall gain is the product of the individual 
stage gains, while the total response time is 
approximately equal to the swum of the 
individual response times. 


Transductors in Push-pull 


9. The output current of a single trans- 
ductor is never zero, and even with zero 
control current there will be a standing 
current in the output windings (see Fig. 4(b)). 
To obtain an output current which is zero 
for zero input signal, two transductors are 

ced against each other in a push-pull 
circuit. A push-pull circuit gives the added 
advantage that a truly ‘sensed’ output is 
obtained ; that is, the direction of the output 
changes according to the direction of the 
control signal. A typical push-pull circuit 
is shown in Fig. 5. 





Fig. 5.—TRANSDUCTORS CONNECTED IN 
PUSH-PULL. 


applied in series with the control windings of 
both transductors, and the signal output is 
applied to the load R, via a centre-tapped 
transformer T. 


10. With zero input signal, equal standing 
currents are passed by both transductors. 
However, the standing currents are in 
opposition. through the primary of the 


The signal input is Transouctor 2 
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transformer T and effectively cancel one 
another. No output current is induced in 
the secondary, and no current flows in the 
load resistor R;. 


11. The transductors are biased in opposite 
senses (as shown by the connections to the 
bias windings in Fig. 5), and the bias is 
adjusted so that the working points of the 
transductors coincide with zero control 
signal, as shown in Fig. 6. Thus, although 
the general form of each individual char- 
acteristic is unchanged, the composite char- 
acteristic will be as shown. With this form 
of characteristic, it is seen that a positive 
input signal will produce an increase in the 
output current of transductor 1 and a 
corresponding decrease in the output current 
of transductor 2; vice versa for a negative 
input signal. The differential output is 
shown dotted in Fig. 6 and it is seen that a 
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TRANSDUCTORS. 


positive-going input produces a _positive- 
going output, and vice versa. To avoid 
distortion the control signal is kept within 
the limits of the working range shown. 


Comparison with Valve Amplifiers 

12. In relation to amplifiers employing 
valves, the magnetic amplifier has certain 
advantages and certain limitations. These 
are summarized below :-— 
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(a) Advantages. 
(i) Its robust construction makes the 
transductor reliable, and ensures long 
life with little maintenance. 
(ii) The transductor is immediately avail- 
able from the moment of switching on. 
(iii) No special power pack is necessary. 
(iv) The high electrical efficiency (about 
75%) enables a given amplification to be 
obtained with less energy wasted in the 
form of heat. 

(b) Limitations. 
(i) A source of a.c. supply is required. 
(ii) It gives a delayed response to an 
applied signal because of its relatively 
long time constant. 
(iii) The signal frequency is limited to a 
fraction of the supply frequency, which 
in turn is limited with present techniques 
to a few kc/s. 


Practical Applications 

13. The magnetic amplifier may be pre- 
ferred to a valve amplifier in applications 
where the signal frequency is comparatively 
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low and where high reliability and efficiency 
are required. The biggest difficulty in the 
design and operation of valve d.c. amplifiers 
is the inherent tendency to drift. A valve 
amplifier set up and adjusted so that there 
is zero output for zero input will in time 
drift away from this alignment, mainly due 
to the varying characteristics of the valves 
themselves. Thus valve d.c. amplifiers are 
constantly needing adjustment. In contrast 
to this, the magnetic amplifier has remarkably 
good long-term stability and is, therefore, 
suitable for use as a d.c. amplifier for measure- 
ment or relay work. An example of the 
latter consists of a small magnetic amplifier, 
taking power at 12 volts 50 c/s, feeding a 
standard Post Office relay type 600. This 
relay is a robust mechanism but requires a 
power of the order of one watt to operate it. 
Greater sensitivity can only be obtained by a 
much more delicate construction’ involving 
loss of robustness. A simple magnetic 
amplifier provides the power required to 
operate the relay with an input of a few 
microwatts. Because of the stability of the 
magnetic amplifier the on-off conditions 
remain constant. 
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Fig. 7—MAGNETIC AMPLIFIER USED TO CONTROL SERVO-MOTOR. 


14. Economy of space, weight and power 
consumption, and high reliability and effici- 
ency make the magnetic amplifier eminently 
suitable for use in aircraft to control the 
power for driving servo-motors. Fig. 7 
shows the simplified circuit of a magnetic 
amplifier used in an airborne radar equip- 
ment. The output of the amplifier is used 
to control the speed and direction. of an 
induction servo-motor, the latter driving 
mechanical devices for measurement pur- 
poses. Since a push-pull arrangement is used 
for the magnetic amplifier a truly sensed 
output is obtained. Thus, a positive d.c. 
input to the control windings gives an output 
to drive the motor in one direction, while a 
negative input to the control windings 
causes the motor to be driven in the reverse 
direction. The magnitude of the input 
determines the magnitude of the output and, 
hence, the speed of the motor. 


MAGNETIC AMPLIFIERS 


15. Other applications of the magnetic 
amplifier include :— 


(a) D.C. to a.c. convertor for feeding valve 
amplifiers. 

(5) Control of the frequency and voltage 
of rotary inverters. 


(c) Use of several control windings, where- 
by the operation may be made to depend 
on the sum or the difference of several 
input signals. 


16. If the a.c. supply is at a high frequency, 
the time constant of the transductor may be 
reduced to such an extent that it would be 
possible to control and amplify audio fre- 
quency currents. A typical application is 
the modulation of a radio transmitter, which 
dispenses with high power modulation valves. 
Suitable magnetic materials to work at these 
frequencies are being developed. 
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PART 1A, SECTION 11, CHAPTER 1 
TUNED VOLTAGE AMPLIFIERS 


Introduction 

1. Tuned voltage amplifiers are voltage 
amplifiers that use a tuned circuit as the anode 
load. Such amplifiers may be used to 
amplify aerial signal-frequency voltages at 
the input to a radio receiver, in which case 
they are termed ‘r.f. voltage amplifiers’. The 
anode load may be tuned to a fixed frequency 
or it may employ variable tuning. In either 
case, the use of a tuned circuit as the anode 
load makes the tuned amplifier selective with 
respect to frequency. Thus, rf. voltage 
amplifiers differ from the a.f. voltage ampli- 


Band Frequency 
Very low frequency 
(VLF) 


3-30 kec/s 
| 30-300 kc/s 


Low frequency 
(LF) 


Medium frequency 
(MF) 


3-30 Mc/s 


300-3,000 Mc/s 


Ge/s) 
(G= Giga= 1,000 Mc/s) 


fiers discussed in Sect. 10, Chap. 1 in that the 
former are required to amplify voltages over 
a selected narrow band of frequencies in the 
r.f. spectrum, whereas the latter are required 
to amplify voltages over a wide range of 
frequencies in the a.f. band. 


Radio Frequency Bands 


2. Radio frequencies are used for a variety 
of purposes and cover a very wide frequency 
range. This range is sub-divided into bands 
which are classified as shown in Table 1. 


10, “1,000 metres 


Need for Tuned Circuit 


3. In a resistance-capacitance coupled am- 
sass the effect of the shunt capacitance, 
ormed by the inter-electrode capacitances of 
the valves and stray wiring capacitances, is 

to decrease the stage gain as the frequency 
increases. The equivalent circuit of such an 
amplifier is shown in Fig. 1. At a low 
frequency, the reactance of Cs is so high that 
its shunting effect can be neglected. The 





stage gain is then given by A = ne and 


Wavelength | Typical Uses 


Very long wave (VLW) | Long distance point-to- 
100,000-10,000 metres 


point communication 


ve (LW) Navigational aids, broad- 
casting, long distance 
communication 


|  300-3,000 ke/s Medium wave (MW) Navigational aids, broad- 

| aoe ae ee 

are” 
cation 


10-1 1Ool deck 
(100-10 centimetres) 








peso: >mMe20ca a 40 4a: Cos 30 pF 


Fig.  EABACITANCE: CIRCUIT FOR RESISTANCE- 
CITANCE COUPLED AMPLIFIER, 
HIGH FREQUENCIES 
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e 


for the values shown in Fig. 1, A=. 
At a high frequency of 10 Mc/s however, the 
reactance of C, is - =-500 ohms. This 


reactance, in .parallel with R,, gives an 
effective load of approximately 500 ohms 
and a stage gain of approximately 

30 . 0:5 

W+O5 = 97. 
The effect of the shunt capacitance at this 
frequency is to introduce such a loss as to 
render the amplifier useless. 





4. By using a parallel tuned circuit as the 
anode load, as shown in Fig. 2(a), this 
limitation can be overcome. From the 
equivalent circuit of Fig. 2(b), the shunt 
capacitance C, is now in parallel with the 
tuned circuit capacitance and alters merely 





Fig. 2.—USE OF TUNED CIRCUIT AS ANODE LOAD 


the minimum frequency of operation of the 
tuned circuit. Thus, a circuit of this type 
overcomes the effects of the shunt capacitance 
by absorbing the latter into the tuned circuit 


capacitance. The v.a.f. is given by A= eee , 
a 


where Rp is the dynamic resistance co of 


the resonant circuit. An additional advan- 
tage in using a circuit of this type is that only 
signals in the narrow band of frequencies to 
which the circuit is tuned are amplified. 


Miller Effect 


5. It is shown in Sect. 8, Chap. 2, Para. 57 
that ‘Miller effect’ sets an upper limit to the 
frequency at which a normal triode valve 
may be used for amplification. Fig. 3(a) 
shows the simplified circuit of a triode tuned 
voltage amplifier, and Fig. 3(b) shows the 
equivalent circuit for Miller feedback through 








Fig. 3.—MILLER FEEDBACK 


Cy. The change in anode voltage v,, caused 
by a variation in grid voltage v,, is given by 


ae _ __HRd_ 
Vv. = Avs, where A = rt Ro’ 
resonance the tuned circuit impedance is a 
pure resistance, Vv, and v, are 180° out of 
phase, and the polarity of the voltages at one 
given instant may be as indicated in Fig. 3(b). 
The voltage across C,, then ts:— 

VCga = Vg + Va 


Since at 


. Veg. = vz (1 + A). 
, Volta 
The current I in C,, = —— 


Ye I = Ve ¢ + A) aC. 
The input impedance Z,y of a valve is the 
input voltage v, divided by the current in the 


input circuit. Thus, the input impedance 
due to Miller feedback is:— 


dese es 
Zn = I 


aes oe ee! 
~ Vg(1 + A) oC 
1 


* Zan = ota (FAY 


This indicates that the input impedance 
due to feedback is capacitive, the effective 
capacitance having a value of C,, (1 + A). 
The total input capacitance includes the 
inter-electrode capacitance C,, and, for a 
pure resistive load, is given by:— 


Cor= Ce +Ca(l+A) .. CD). 


6. The effect of Miller feedback on the valve 
input impedance ds to a large extent 
on the anode load, and the effect on the 
input circuit for three types of anode load 
is :-— 
(a) Pure resistive load. The input capa- 
citance is much increased as shown in 
Para. 5 and by equation (1). 


(b) Pure capacitive load. Because of the 
phase shift between current and voltage 
in the anode load, the input capacitance 
is Jess than that for a pure resistive load. 
In addition there is a resistive component 
in the input impedance which results in 
damping and power loss in the input 
circuit. 


(c) Pare inductive load. Again, because 
of the phase shift between current and 
voltage in the anode load, the input 
capacitance is Jess than that for a pure 
resistive load. In addition, there is a 
‘negative resistance’ element which cancels 
some of the positive damping losses in 
the input circuit and gives rise to 
general instability and a tendency to 
oscillation. The term ‘negative resis- 
tance’ applies to an element or a circuit 
in which the current decreases as the 
voltage applied to it increases. It 
therefore tends to counteract the effects 
of ‘positive’ resistance in a circuit. 
In a tuned voltage amplifier any slight change 
in the conditions which puts the anode 
circuit off tune, makes the anode load cither 
inductive or capacitive and causes positive 
feedback (with instability) or negative feed- 
back (with damping) respectively. 
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Reduction of Miller Effect 


7. The main factors determining the magni- 
tude of Miller effect are w, C,,and A. High 
values for all these factors will affect consider- 
ably the operation of the valve. To obtain a 


high gain (A) at high frequencies(,), the factor 


C,, must either be reduced to a very small 
value or its effect be neutralized. For a triode, 
C,. has a relatively large value and unless 
steps are taken to cancel the effects of Miller 
feedback, a conventional triode amplifier 
circuit becomes useless at high frequencies. 
In some triode r.f. amplifiers, an additional 
external pat’ from anode to grid is inserted 
to provide feedback of the exact opposite 
phase to that produced through C,,. This 
process is termed ‘neutralization’. It is 
commonly employed in r.f. power amplifiers 
and is considered in Chap. 2. In tuned 
voltage amplifiers it is more usual to use 
pentode or tetrode valves rather than triodes, 
in order to take advantage of the much lower 
values for C,, in such valves. Miller feedback 
is consequently reduced, and with a pentode 
or a tetrode, high values of A may be obtained 
at high values of (up to frequencies of the 
order of 200 Mc/s} without the instability 
that would result from the use of a triode 
amplifier. 


Input to R.F. Voltage Amplifier 


8. One purpose of a r.f. voltage amplifier 
is to select a signal at a given frequency from 
among many signals induced in the aerial, to 
amplify the required signal and to apply it 
to a succeeding stage. The first essential is to 
provide some means of transferring the 
signal voltage from the aerial system to the 
input of the first r.f. amplifier. The usual 





_ Fig. 4.—AERIAL TRANSFORMER COUPLING 
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method is to use some form of aerial coupling 
transformer that will give the desired signal 
voltage a larger amplitude than that of any 
other r.f. voltages which may also be present 
at the receiver input inals. There are 
many possible forms of aerial coupling 
arrangements, but the most common type is 
the inductively coupled transformer, con- 
sisting of a primary winding and a secondary 
winding, the latter being tuned by a variable 
capacitor as shown in Fig. 4. The voltage Ez 
developed across the tuning capacitor is 
applied as the input to the valve, and the 


gain of the coupling circuit is proportional 
to the Q of the tuned secondary (typically, 
Q = 100) and to the coefficient of coupling 
(typically, k = 0-2). The selectivity of the 
system is also proportional to the Q of the 
tuned secondary, the half-power (3db) band- 


width being given by é (see Book 1, Sect. 5, 
Chap. 3, Para. 18). 


9. Another common type of aerial coupling 
arran t is shown in Fig. 5, where an 
auto-transformer replaces the inductively 





Fig. 5.—AERIAL AUTO-TRANSFORMER 
COUPLING 


coupled transformer of Fig. 4. The tapping 

point on the auto-transformer determines the 

degree of coupling between primary and 

secondary, the gain and selectivity of this 

0 — t being similar to that given in 
ra. 8. 


Intervalve Coupling for R.F. Voltage 
Amplifiers 


10. Capacitance coupled stage. An anode 
load consisting of a parallel tuned circuit that 


is capacitively coupled to the grid leak of the 
next stage is sometimes used in r.f. voltage 
amplifiers. A basic circuit is shown in Fig. 6. 
The grid circuit is tuned to the required 
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Fig.6.—TUNED CIRCUIT CAPACITIVELY COUPLED 
TO THE FOLLOWING STAGE 


signal frequency, the selected signal voltage 
being applied between grid and cathode of V;. 
Voltage amplification occurs, and the ampli- 
fied signal voltage developed across the 
anode load is coupled via C, to the grid 
leak Ry. The ratio of E, to E; represents the 
stage gain of V;. 
11. It is shown in Sect. 8, Chap. 3, Para. 20 
that the voltage amplification factor for a 
pentode amplifier is:— 
V.A.F. = gnZ,, 
Where g,,. is the valve mutual conductance, 
Z,, is the load impedance. 
When the anode tuned circuit is resonant to 
the input signal, its impedance Z, is the 


dynamic impedance Rp, where Rp = ao 
4 


Thus :— 
V.A.F. = ZnRp o- oe (2). 
Now:— 





Thus, the amplification at resonance may 
also be written as:— 
V.A.F. = g,Qols .. -. (3). 


12. The amplification varies with frequency 
about resonance in accordance with the 
response curve for the anode load, as shown 
in Fig. 7. Selectivity is determined by the 
effective Q of the anode tuned curcuit, the 


half-power bandwidth being given by é 


Note, from Book 1, Sect. 5 Chap. 3, Para. 
22, that 
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Fig. 7.—GAIN-FREQUENCY RESPONSE CURVE FOR 
SINGLE TUNED CIRCUIT VOLTAGE 
AMPLIFIER 


the selectivity will be high and the band- 
width narrow only if the internal impedance 
of the supply (i.e. the r, of the valve) is high 
in relation to the load impedance. With a 
pentode this condition is realized. The 
bandwidth required depends on the “type” 
of signal being received. In communication 
and broadcast receivers it is required to pass 
only a narrow band of frequencies (++ 5 ke/s 
about the signal frequency on the medium- 
wave and long-wave bands). In television 
and radar receivers the bandwidth is required 
to be very much larger. 


13. Tuned transformer coupled stage. The 
most common arrangement for coupling a 
r.f. voltage amplifier to the following stage 
nae atom ee Oe pies 
seco , as shown in Fig. 8. primary 
winding has a value such that it resonates 
(with the valve inter-electrode capacitances 
and stray capacitances) either above or below 
the tuning range of the amplifier, in order to 
avoid large changes in gain and selectivity. 
The necessity for using a grid leak and 
coupling capacitor is now eliminated. The 
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anode slope resistance r, of a péntode is high. 
Thus, assuming that r, is very much 
greater than the impedance reflected into the 
i from the tuned secondary, the 
amplification at resonance is:— 





V.A.F. = g,Q0M _.. .. (4). 
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Cc y, 
AE ae) 


| \ , HTO 


CLASS A BIAS 
Fig. 8..~-TUNED TRANSFORMER COUPLING 


Comparison of equations (3) and (4) shows 
that they differ only in that M in (4) has 
replaced L in (3). Thus, when the same tuned 
circuit is involved, the only difference in 
behaviour between transformer coupling and 
tuned circuit capacitance coupling is that the 
amplification is modified in accordance with 


the ratio }". The selectivity and the 3db 


bandwidth remain the same. Similar results 
may be obtained if the primary is tuned and 
the secondary untuned, but in this case the 
tuning capacitor is no longer isolated from 
the h.t. supply. 


Multi-stage R.F. Voltage Amplifiers 

14. When there is more than one stage of 
r.f. voltage amplification the overall 
characteristic is the product of the amplifi- 
cation curves of the individual stages. As a 
result, the half-power bandwidth of the 
multi-stage system is Jess than the bandwidth 
of a single stage, as illustrated in Fig. ‘9. 
Thus, in order to maintain a given bandwidth, 
it is necessary that the effective Q of the 
individual stages be reduced as the number 
of stages is increased. Because of the 
tendency to instability and the difficulties 
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involved in tuning multi-stage amplifiers at 
high frequencies it is not normal to employ 
more than one or two stages of r.f. voltage 
amplification. 


Band-pass Coupling 

15. Intermediate frequency (if.) voltage 
amplifiers are used in superheterodyne re- 
ceivers in order to improve gain 


and 
selectivity (see Bk 3. Sect. 14): The bandwidth of 


such amplifiers (i.e. the band of frequencies 
to be passed in relation to the mid-band 
frequency) thas to be larger than that for r.f. 
voltage amplifiers, since the intermediate 
eS is gui: than the signal frequency. 

method of o btaining the required 
radi in bandwidth is the use of coupled 
circuits consisting of tuned primary and tuned 


secondary windings, as discussed in Book 1. 


Sect. 7, Chap. 1 Para. 10). 


16. The circuit of an if. voltage amplifier 
coupled to the following stage by means of a 
band-pass coupled circuit is shown in Fig. 10. 
The stage works under Class A cathode bias 
conditions. For critically coupled circuits, 


with identical secondary circuits, 
the v.a.f. at resonance is:— 
£.QeL 
V.A.F. x Bi (5). 
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Fig. 10.—BAND-PASS COUPLING IN 1.F. 
VOLTAGE AMPLIFIER 


Thus, the amplification is haf that for a single 
tuned circuit (see equation (3)). The shape 
of the response curve depends on the co- 
efficient of coupling. In Fig. 11 curve ‘ 
shows the result of tight coupling, curve . 
illustrates critical coupling and curve ‘c’ 
loose coupling. 
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Fig. 1|.—EFFECT OF VARYING k IN BAND-PASS 
COUPLED CIRCUITS 


17, The bandwidth in the case of a band-pass 
coupled amplifier, is defined in the same 

manner as for a blag employing single 
tuned circuits. When the Q values of the 
two coupled circuits are the same and the 
coefficient of coupling equals the critical 


value, the half-power bandwidth of the 


band-pass stage is ~/ 2 times that of a 
single tuned stage using the same tuned 
circuit. Compared with a single tuned stage 
having the same half-power bandwidth, the 
gain of the band-pass stage is higher and 
it possesses a response that is flatter if the 
vicinity of resonance and has steeper sides. 
When band-pass coupled circuits are used 
in i.f. voltage amplifier stages, it is usual to 
make the coefficient of coupling slightly /ess 
than the critical value. In this way by 
causing the response curve to have a slight 
peak, it is easier to adjust the individual 
circuits to resonance at a common frequency. 
When a number of identical band-pass 
coupled stages are connected in cascade, the 
overall bandwidth of the system is reduced 
in the same manner as for single tuned stages 
connected in cascade (see Para. 14). 


Methods for Increasing Bandwidth 


18. In some applications (e.g. radar and 
television receivers) the band of frequencies 
that is required to be amplified is greater than 
the bandwidth of the conventional band-pass 
coupled stage described in Para. 17. Two 
methods are commonly used in order to 
further increase the bandwidth. 


19. Damped tuned circuits. Damping resis- 
tors shunting the resonant circuits are often 
inserted as shown in Fig. 12. This lowers the 
Q values of the circuits and since the half- 


power bandwidth equals e the required 





Fig. 12.—REDUCTION IN Q BY USE OF 
DAMPING RESISTORS 
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bandwidth may then be obtained. However, 
a reduction of Q gives a _ proportionate 
reduction in the v.af. of the stage, and 
further stages of amplification may be 
required. 


20. Staggered tuning. Two or more stages 
with single tuned circuits in the anode may 
be used, the resonant frequency of each 
individual circuit being off-set about the 
mid-frequency of the band to be amplified. 
For two staggered tuned stages, one circuit 
is tuned below the centre frequency, and the 
other tuned above it by the same amount,as 
shown in Fig. 13(a), so that the centre 
frequency of the band is at the common 
half-power points of the individual circuits. 
The overall response of the two-stage 
staggered tuned pair is shown in Fig. 13(b). 
From this it is seen that the bandwidth has 
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Fig. 13.—STAGGERED TUNING 
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been increased to +/2 times that of the 
individual circuits. By adding more staggered 
tuned stages, a very large bandwidth with a 
reasonable gain may be obtained (see Book 1, 
Sect. 7, Chap. 1, Para. 17). 


Grounded-grid Triode 

21. There are three basic ways of connecting 
a triode valve as an amplifier. These ways 
may be expressed in terms of the electrode 
that is earthed or ‘grounded’ so far as the 
signal voltage is concerned; the other two 
electrodes are used for input and output 
respectively. The most common arrangement 
is the grounded-cathode, in which the ae 
is applied to the grid and the output taken 
from the anode (Fig. 14{a)). A second 





Fig. 14—METHODS OF CONNECTING A TRIODE 


arrangement is the grounded-anode, better 
known as the “cathode follower”. The 
input is applied to the grid and the output 
taken from the cathode (Fig. 14(b)). The 
last arrangement is the grounded-grid, in 
which the input is applied to the cathode and 
the output taken from the anode (Fig. 14(c)). 


22. inar.f. voltage amplifier the most usual 
choice of valve is a pentode, in which Miller 
feedback is practically eliminated and which 
has a high gain. However, a pentode is 
considerably noisier than a triode (see Sect. 8, 
Chap. 3, Para. 50) so that if a triode can be 
made to amplify satisfactorily at high fre- 
quencies it may be preferred to a pentode in 
cases where a high signal-to-noise ratio is 
ired. A groundced-grid triode fulfils 
these conditions, and is used as an amplifier 
at radio frequencies. 
23. Fig. 15 shows the simplified circuit of a 
r.f. voltage amplifier using a grounded-grid 
triode. Here the control grid acts as an 
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Fig. 15—-GROUNDED-GRID TRIODE R.F. 
VOLTAGE AMPLIFIER 


earthed shield between the output and input 
circuits, the output circuit being effectively 
between anode and earth, and the input 
circuit between cathode and earth. As a 
result, energy transfer between input and 
output circuits through the inter-electrode 
capacitance C,, is very small because of the 
grounded grid between anode and cathode. 
Cj now appears across the anode tuned 


circuit, and C,, appears across the cathode 
tuned circuit, these two capacitances being 
absorbed into their respective tuned circuits 
to alter merely the minimum operating 
frequency. A rise in cathode potential 
relative to earth has the same effect on the 
anode current as a fall in grid potential 
relative to the cathode, so that the anode 
current falls and the anode voltage rises. 
The input and output signals are, therefore 
in phase. 


24. From the equivalent circuit of Fig. 16, 
the gain of the grounded-grid amplifier may 
be found :— 


Total e.m.f. = Ve + UV, 
= Vv, (1 + p) 
. vz (1 + p) 
Current i, =e Re 
Output voltage v,= i, Rp 
_ Ve 2 + 2) Ro 
~ tra + Rp 
vy, (1 + #) Rp 
V.A.F. = ve —-4+RpO (6). 
Compared with the usual expression for 


BRp 
v.a.f. = fa + Ro’ the v.a.f. of a grounded-grid 
amplifier is slightly greater than that of a 
conventional grounded-cathode amplifier. 





Fig. [6.— EQUIVALENT CIRCUIT FOR GROUNDED- 
GRID TRIODE 


25. The input impedance of a grounded-grid 
amplifier is low. 
ne Vg (i + p) 


Anode current i, 7 oR 
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Vv 
Input impedance Zn, = ~* 


le 
| ae 
~ V¥g(1+ »)/te+Ro. 
_tTa+Rp 
il+ep 
Ifr, > Rp, and » > 1, 
See Meats 
Se ne ee A). 


Thus, the input impedance of a grounded- 
grid amplifier is approximately the same as 
the output impedance of a cathode follower 
circuit. This low input impedance damps the- 
input tuned circuit and may be an advantage 
where a wide bandwidth is required. How- 
ever, correct matching of the aerial input to the 
low input impedance of the valve is not 
achieved and a large signal power is required 
to develop the signal voltage across the valve 
input terminals. The main use of a grounded- 
grid triode is for wideband working at v.hLf. 
where a high signal-to-noise ratio is required. 
The noise introduced by a pen rf. 
amplifier may be sufficient at v.h.f. to reduce 
sae signal-to-noise ratio below the acceptable 
evel. 


The Cascode Amplifier 


26. The name ‘cascode’ may be regarded as 
an abbreviated form of ‘casc (-aded triode 
amplifier having characteristics similar to, 
but less noisy than, a pent-) ode’. The 
cascode amplifier consists of two triodes in 
cascade; the first stage is normally a con- 
ventional grounded-cathode circuit and the 
second stage uses a grounded-grid arrange- 
ment. A simplified cascode circuit is shown 





Fig. 17.—CASCODE AMPLIFIER 
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in Fig. 17, where the output of V; is capaci- 
tively coupled to the cathode input circuit 
of Vz. Although V; is a grounded-cathode 
stage, Miller feedback is reduced to negligible 
proportions by neutralizing action (see 
Chap. 2) and because the gain A of this 
stage is kept low. The cascode combines 
the low noise of a triode, the high stability 
of the grounded-grid arrangement and the 
high gain of a pentode. In addition, it 
overcomes the disadvantage of the grounded- 
grid circuit, namely low input impedance. 
The input impedance of the grounded- 
cathode stage V, is high, so that damping of 


the aerial input circuit L,C, is small. Correct 
matching of L2C; to the input impedance of 
V; may now be achieved, so that the signal 
power required to develop a voltage across 
L2C, is correspondingly less than that for a 
grounded-grid amplifier. Because of the re- 
duction in required signal power the cascode 
amplifier can be used to give ‘fringe’ reception 
at v.h.f. while still retaining the high signal- 
to-noise ratio obtainable with the grounded- 
grid triode. The bandwidth is catered for 
by the circuit components rather than by the 
low input impedance of the grounded-grid 
circuit. 
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PART 1A SECTION 11, CHAPTER 2 
R.F. POWER AMPLIFIERS 


Introduction 
1. Radio frequency power amplifiers are 


used in radio transmitters (seeBk 3. Sect.13)to 


convert the d.c. power supplied to the stage 
into r.f. power. The valve controls this 
conversion of power in such a way that a 
high value of r.f. power output, at the re- 
quired frequency and of the required waveform 
is available at the aerial for transmission. 


2. Amplifiers may be classified as:— 

(a) A.F. voltage amplifiers. These are used 
to amplify voltages without regard to 
power over a wide frequency range in the 
audio band. Ideally, they should amplify 
equally well at all frequencies within the 
range 20 c/s to 20 kc/s, but a more limited 
range gives adequate quality for communi- 
cation purposes. A.F. voltage amplifiers 
are used in receivers, public address 
systems and transmitters to provide the 
drive to succeeding a.f. power amplifier 
Stages (see Sect. 10, Chap. 1). 


(5) A.F. power amplifiers. These operate 
over a frequency range similar to that for 
a.f. voltage amplifiers and are used to 
convert d.c. power to the required a.f. 
power. They are used in receivers and in 
public address systems to provide the 
a.f. power to operate telephone receivers 
and loudspeakers (from a few milliwatts 
up to the order of 30 watts). They are also 
used to provide the a.f. power for modu- 





lation of a transmitter, the power require- 
ments in this case varying from a few watts 
to many kilowatts (see Sect. 10, Chap. 2). 
(c) R.F. voltage ‘amplifiers. These are 
tuned amplifiers used to amplify voltages 
over a selected narrow band of frequencies 
in the r.f. spectrum. In receivers, r.f. 
amplifiers are designed to amplify small 
signal voltages of the order of millivolts or 
microvolts. In transmitters, r.f. voltage 
amplifiers provide the drive to succeeding 
r.f. power amplifier stages (see Sect. 11, 
Chap. 1). 

(d) R.F. power am These are tuned 
in the same way as r.f. voltage amplifiers 
and operate over a similar frequency range, 
converting d.c. power to the required rf. 
power. They are used in transmitters to 
supply r.f. power to the aerial for trans- 
mission, the power requirements varying 
from a few watts to many kilowatts. Such 
amplifiers are considered in this Chapter. 


Bias Conditions in R.F. Power 
Amplifiers 
3. R.F. power amplifiers are operated under 
Class-A, Class B or Class C bias conditions, 
depending on the requirements :— 
(a) Class A. The valve is biased above 
cut-off so that current flows during the 
whole of every cycle of input; that is, the 
‘angle of anode current flow’ is 360°, as 
shown in Fig. I(a). Such amplifiers are 


* 





Fig. 1.—BIAS CONDITIONS IN R.F. POWER AMPLIFIERS 
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used in low power circuits, where preser- 
vation of the input waveform is important 
and the efficiency of power conversion 
relatively unimportant. 


(b) Class B. The valve is biased approx- 
imately to cut-off so that current flows 
during alternate half-cycles only; the angle 
of current flow is 180° (Fig. 1(b)). Such 
amplifiers are used in high power circuits 
where preservation of the input waveform 
and power considerations are both 
important. 

(c) Class C. The valve is biased beyond 
cut-off so that current flows for only a 

of every alternate half-cycle; the angle of 
current flow is Jess than 180° (Fig. 1). 
Class C power amplifiers are used in high 
power circuits where efficiency is of the 
greatest importance. 


4. For a parallel resonant circuit, the 
voltage across it and the current circulatin g 
in it remain very nearly sinusoidal even if the 
current supplied to the circuit departs very 
much from a sinusoidal waveform. A tuned 
circuit is similar to a flywheel in its action in 
that a pulse of current applied at the correct 
instant of time in relation to the resonant 


period of the tuned circuit will produce a 
nearly sinusoidal voltage across the tuned 
circuit. Thus, a single valve operating under 
Class B or Class C conditions may be used in 
conjunction with a tuned anode load to 
provide r.f. power amplification. However, 
where the r.f. input to a power amplifier is 
‘amplitude-modulated’ (see Bk 3, Sect.13) 
must be operated under either Class A or 
Class B bias in order to preserve the modu- 
lated waveform. Class C amplifiers are 
confined to amplification of unmodulated or 
frequency-modulated inputs: that is, under 
conditions where the amplitude of the rf. 
input is constant. 


Circuit Arrangements 

5. Fig. 2 illustrates simplified circuits of 
typical ee used in r.f. power 
amplifiers. A basic series-fed circuit is 
shown at (a). Fig. 2(b) shows a shunt-fed 
circuit, the anode choke L3 having a reactance 
large compared to that of the tuned circuit 
inductance L, or to the reactance of Cs, so 
that Ls carries only a small part of the rf. 
current circulating in the anode circuit. 
L, carries two ‘taps’; the aerial tap varies 
the turns ratio between the load and the tuned 





Fig, 2—RADIO FREQUENCY POWER AMPLIFIER ARRANGEMENTS 


circuit to enable matching between them to be 
achieved; the anode tap varies the turns 
ratio between the tuned circuit and the valve, 
for matching between them. Push-pull 
arrangements are also common in r.f. power 
amplifiers, and a typical circuit is shown at 
(c). The value of bias in the three circuits 
determines whether the amplifier works under 
Class A, Class B or Class C conditions. 


Neutralization 

6. When possible, beam valves or pentodes 
are used in preference to triodes for r-f. 
power amplification, because Miller feedback 
through the comparatively large C,, of a 
triode gives rise to instability (see Chap. 1, 
Para. 5). However, tetrode and pentode 
valves are not normally available for power 
outputs much greater than a few kilowatts 
because of the difficulty in dissipating the 
heat developed in the inner electrodes. Thus, 
at higher outputs, triodes are used. It is 
then essential to provide some means of 
‘neutralizing’ the effect of C,, because power 
amplifiers must be prevented from _ self- 
oscillating and takingcontrol of the frequency. 
A grounded-grid circuit may be used to 
prevent Miller feedback, but in r.f. power 
amplifiers it is more usual to arrange a path 
by which a second current flows into the 
input circuit, of opposite phase to the current 
through C,,. 


7. Split-anode circuit. A typical neutralizing 
circuit is shown in Fig. 3(a). The output 
circuit is centre-tapped at B and effectively 
connected to earth through the h.t. supply. 
One end A, of the tuned circuit is connected 
to the anode, and thence through C,, to the 
grid D. The opposite end C, of the tuned 
circuit (which is 180° out of phase with A) is 
also connected to the grid D, via a neutral- 
izing capacitor Cy. By correct adjustment 
of Cy, the energy transfer that would normally 
occur between input and output tuned 
circuits through C,, can be exactly balanced 
by the anti-phase feedback through Cy. The 
equivalent circuit of Fig. 3(b) shows that the 
neutralizing circuit is effectively an a.c. 
bridge. When this bridge is correctly 
balanced in both magnitude and phase by 
adjustment of Cy:— 

1 I 





i 





OC = OCy 
oL, wL, 
Cy L 





Cc ~~ 7 


R.F. Power AMPLIFIERS 


The neutralizing capacitor Cy is adjusted to 
this value to obtain a balance. At balance, 
there is no transfer of energy between input 
(BD) and output (AC) terminals, and the 
amplifier operates in a stable state. 








Fig. 3.—SPLIT-ANODE NEUTRALIZING 
CIRCUIT 


8. Split-grid circuit. The input tuned 
circuit shown in Fig. 4(a) is centre-tapped to 
earth at C, one end D being connected to the 
grid and the other end B connected to the 
anode through Cx. By adjustment of Cy the 
current through the neutralizing capacitor 
from the grid circuit to the anode circuit, 
and vice versa, can be made equal and 
opposite-to the corresponding current through 
C,.. Note, however, in this case that since 
the input circuit is centre-tapped, only half 
the available input is applied to the valve, and — 
for the same power output from the stage a 
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greater drive is necessary. The bridge 
equivalent circuit of Fig. 4(b) shows that for 
balance :— 


Cu = Ce. = 


9. Push-pull circuit. The push-pull neutral- 
izing circuit is shown in Fig. S(a). The 
principle of neutralizing in this case’ consists 
of connecting each grid through a capacitor 
Cy to a point at a potential 180° out of phase 
with, its anode circuit. Such a point is the 
anode of the other valve. Thus, V; grid is 
connected to Ve anode through Cy, and V2 
grid is connected to V; anode through Cno. 
The equivalent circuit of Fig. 5(b) shows 
that for balance:— 


Guz _ Gwe 
Cea Cy 


This circuit is symmetrical and gives perfect 
stability and complete freedom from feedback 
up to very high frequencies. 


Class A Power Amplifier 


10. In order to obtain the required high 
power at the aerial of a transmitter, the r-.f. 
power output valve is normally allowed to 
run into grid current. Power is therefore 
developed in the grid circuit of the output 
valve and this presents variable ‘loading’ 
on the previous stage. A variable load of 
this kind in the initial stages of a transmitter 
is undesirable and it may be necessary to 
insert a “driver stage’ before the output valve. 
The driver stage must itself be a power 
amplifier in order to supply the grid power 
of the output valve, but the power output 
from the driver valve will be only a small 
fraction of the total power output of the 
transmitter. The driver stage is usually 
a single power valve operating under Class A 
conditions; grid current is therefore not 
established in this valve so that the load on 
the preceding stage is low and constant. 


11. When the anode tuned circuit is 
resonant to the applied frequency, it presents 


L 
a purely resistive load Rp = CGR to the 


valve. The phase relationships between 
current and voltage in the circuit, when the 
bias is such that the angle of anode current 
flow is 360°, are then as shown in Fig. 6. 
The d.c. voltage drop in the resonant circuit 





Fig. 5—PUSH-PULL NEUTRALIZING CIRCUIT 
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Fig. 6.—-PHASE RELATIONSHIPS IN A CLASS A 
OPERATED AMPLIFIER 


is negligible, and the voltage v, across the 
load is purely alternating. Thus the voltage 
V, actually applied to the anode is the h.t. 
voltage E, minus the alternating voltage 
drop v, across the load; that is, V.A=E,—v,. 
Hence the voltage across the valve rises above 
the h.t. value during parts of the cycle as 
shown in Fig. 6. The voltage V, applied to 
the grid is the sum of the grid bias voltage—E, 
and the signal voltage v,; that is, V, = —E, 
+ v,. The two voltages V, and V, are in 
phase opposition, while v,, v, and i, are in 
with each other. 


Class B Power Amplifier 


12. Use. A Class B r.f. power amplifier 
(Fig. 7), 1s used as a final power amplifier 
where a high power output at a reasonable 
level of efficiency is required and where the 
input to the stage is amplitude-modulated. 
It is usual to find Class B power output 
valves employed in systems using ‘low level 
modulation’, i.e. where modulation is effected 
at an early stage working at low power. 
With a valve biased to projected cut-off the 
angle of current flow is 180°, and the output 
is proportional to the grid input voltage; 
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Fig. 7—BASIC CIRCUIT FOR A CLASS B 
POWER AMPLIFIER 


distortion of the modulated envelope is 
thereby prevented. 


13. Bias. The r.f. input to a Class B valve 
is normally varying in amplitude at the 
modulation frequency, and since the bias is 
required to be constant, automatic self-bias 
from a grid leak and capacitor is not per- 
missible. The bias voltage must therefore be 
obtained from an external bias-supply, or 
cathode bias may be used, or a combination 
of both methods. Cathode bias is per- 
missible since the mean d.c. valve current 
remains constant. 


14. Grid drive. With an amplitude- 
modulated input to a Class B valve, the load 
placed on the preceding stage varies con- 
siderably during the modulation cycle. This 
is illustrated in Fig. 8. At the troughs of 
modulation the grid is negative and the 
required driving power is negligible. At the 
péaks of modulation however, considerable 
grid current flows and the driving power 
required is large. It is therefore necessary 
to supply the Class B valve from a driver 
stage (see Para. 10). 


15. Efficiency and power output. A graph 
showing the phase relationships between 
current and voltage in a Class B valve at 
the peak of the modulation cycle is shown 
in Fig. 9. The relationship between vi, V, 
and V, are the same as those given in 
Para. 11. However, since the valve is 
biased to cut-off, the anode current i, 
waveform is a half sine wave (i.e., the angle 
of flow 6, is 180°) and contains d.c., funda- 
mental and harmonic components. Grid 
current i, is established during the angle 
6, (i.e., V, above zero volts). If the tuned 
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anode load is correctly adjusted, the harmonic 
components of anode current produce no 
output voltage, the output being at the 
fundamental frequency only. The funda- 
mental component of current in a Class B 


valve has a r.m.s. value fa the r.f. 


voltage ai the fundamental frequency across 


V 
the load has a r.m.s. value of GF ; the r.m.s. 


power output is given by the product of these 
two components :— 


I, Vi 
Power output = 7 (1). 


16. From Fig. 9 it is seen that peak current 
is established at the point in the cycle when 
the anode voltage is at a minimum. The 
dissipation in the valve is, therefore, relatively 
small and the efficiency relatively high. 
The d.c. power supplied to the valve is given 
by the product of the h.t. voltage E, and the 
the d.c. component of anode current; for 


I, 
a half sine wave the latter is x Thus :— 


I, a 

Power input = ee a .. (2). 
The difference between the input power and 
the output power gives the power wasted or 
dissipated as heat in the circuit, mainly in 
the valve. The ratio of power output to 
power input gives the efficiency 4 of the 

amplifier. Thus:— 
Power Output 

1 Power Input 


I, Vi 


< 100 (per cent). 


4 _ x 100 (per cent). 
I, 


Es 
T 
Vi 





% 


i y= 4 . E. 
The maximum theoretical efficiency is, there- 


<x 100 (per cent.) .. (3). 


Te 
fore, 4X 100 (per cent), or 78-5%. 
Practical efficiences are of the order of 55% 
to 65% at the modulation peaks. However, 
since the amplitude of the anode current 
pulses is proportional to the grid driving 
voltage, the power output and efficiency are 
less at other parts of the modulation’ cycle. 


\ 


R.F. Power AMPLIFIERS 


The average efficiency is, therefore, only 
about 40%. 


Class C Power Amplifier 


i7. Use. Class C r.f. power amplifiers are 
used when a high power output at a high level 
of efficiency is required and when the input 
to the stage is a radio frequency of constant 
amplitude, i.e., unmodulated or frequency- 
modulated. A Class C stage cannot be used 
to amplify an amplitude-modulated input 
since, as shown in Fig. 10, anode current 
ceases altogether at the troughs of the input 
modulation envelope, and distortion of the 
output waveform results. When amplitude- 
modulation is required at this stage, it is 
obtained by adjustment and operation of the 
Class C amplifier itself (termed ‘high level 
modulation’). 


18. Circuit. The basic circuit of a Class C 
r.f. power amplifier is similar to that given 
in Fig. 7. The valve is biased beyond cut-off, 
the bias voltage being obtained from a fixed 
external source of supply, from the use of a 
grid leak and capacitor or from a combination 
of these methods. 


19. Waveforms. Fig. 11 shows a graph 
illustrating the phase relationships between 
current and voltage in a Class C stage. The 
voltage V, applied to the anode of the valve 
is the h.t. voltage E, minus the alternating 
voltage drop v, across the anode load; that 
is, V, = E, — vy. The voltage V, applied 
to the grid is the grid bias voltage — E, plus 
the signal voltage v,; that is, V, = — E, tv, 
The two voltages V, and V, are sinusoidal, 
since both are developed across tuned circuits, 
and they are in phase opposition. Because 
of the bias, the anode current i, flows for 
less than a half-cycle; that is, the angle 
of current flow 6, is less than 180°. Since 
the grid is driven positive at the peak of the 
grid swing, grid current i, is established 
during the angle 6, (Jess than 9,). 


20. Efficiency and power output. The anode 
current waveform in a Class C amplifier 
contains d.c., fundamental frequency and 
harmonic components. Provided the tuned 
anode load is correctly adjusted, only the 
fundamental frequency component is effective 
in producing the required r.f. power output. 
The fundamental frequency component of 


I 
anode current I, has a r.m.s. value of V3 ; 
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the r.f. voltage at the fundamental frequency 
V 
across the load has a r.m.s. value of 753 


the r.m.s. power output is given by the 
product of these two components :— 
Power output 


| Vi? 
= 4 IV. = 4 Ro = oR, (4). 


where Rp = dynamic impedance of load. 
The power supplied to the valve is the product 
of the h.t. voltage E, and the d.c. component 
of anode current I,,. Thus:— 


Power input = E,]I,. .. (5). 


The difference between the d.c. power input 
P, and the a.c. power output P, is dissipated 
as heat, mainly at the valve anode, and gives 
the anode loss P,. The conversion efficiency 
y of a power amplifier is defined as the 
ratio of the a.c. power output to the d.c. 
power input to the anode. Thus:— 





_ P, 
1 Be 
RP, 
1 PD +P, 


PE 1) ©. 


As valves are rated by their anode dissipation, 
a high conversion efficiency increases 
output power available for a given type of 
valve and a given d.c. power supply. 


Example. A Class A power amplifier deliver- 
ing 1 kW of a.c. power at 25 per 
cent efficiency will dissipate 3 kW 
at the anode, and will require an 
input of 4 kW. 


A Class C power amplifier at 75 
per cent efficiency will deliver 3 
kW of a.c. power with the same 
input and a dissipation of 1 kW, 
thus permitting smaller valves to 
be used. 


Tank Circuit 


21. The anode tuned circuit is sometimes 
termed a ‘tank’ circuit because one of its 
functions is to store energy during parts of 
each cycle so that a sinusoidal voltage is 
maintained across it even if the valve current 
is in the form of pulses. The energy delivered 
to the tank circuit is not always continuous 
because in a Class C amplifier the anode 


current is established only for the angle 0,. 
However, the energy delivered by the tank 
circuit to the load is continuous. Thus, the 
energy delivered to the tank circuit from the 
valve during the time I, is flowing must be 
considerably in excess of the power delivered 
to the load at any instant. This excess 
energy is in effect, ‘stored’ by the tank circuit 
to supply the output during the periods when 
the anode current is zero. 


Tuning Adjustment in a Class C Amplifier 


22. For maximum power output the tank 
circuit must be tuned to resonance with the 
frequency of the grid excitation voltage. At 
resonance, the tuned circuit impedance is a 


maximum and purely resistive (Ro = ca) 
Thus at resonance, V; is 2 maximum and 
the minimum value of V, is at its lowest 
(see Fig. 11). Since peak anode current 
coincides with minimum anode voltage, the 
peak current at resonance drops, so that the 
d.c. component of anode current is at a 
minimum. Thus, the tank circuit is tuned for 
minimum reading in a d.c. milliammeter 
placed in the anode lead. In most trans- 
mitters it is necessary to reduce the d.c. anode 
current for the period the tank circuit is off 
resonance, otherwise an excessive current 
will flow because V, is small off resonance 
and the minimum value of V, correspondingly 
high. Therefore, until the circuit is correctly 
tuned, with the d.c. anode current at a 
minimum, the h.t. voltage is reduced. The 
external load on the tank circuit will affect 
the tank circuit impedance and therefore V_. 
Thus, after tuning for a ‘dip’ in the meter and 
adjusting the coupling correctly between the 
the tank circuit and the load, it is necessary 
to retune. 


Power Handling Capacity 

23. The triode, beam and pentode valves 
used for Class A and Class B amplification 
are equally suitable for Class C operation. 
Beam and pentode valves normally have a 
higher gain than triodes, so that for the same 
r.f. power output a smaller grid excitation 
power is required. However, beam and 
pentode valves produce heat at the screen in 
addition to the heat produced at the anode, 
and because it is often difficult to dissipate 
this heat at the inner electrodes, triode valves 
are preferred for the higher power outputs. 
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The power that any valve can handle is deter- 
mined by:— 
(a) The voltage that may safely be applied 
to the anode and other electrodes. 
(6) The electron emission from the cathode. 


(c) The amount of power that can be 
dissipated within the valve without 
overheating. 


24. Glass-envelope valves are commonly 
used to develop output powers up to about 
1 kW. For good radiation of heat to the 
glass walls, the anode structure is normally 
carbonized to take advantage of the high 
radiating efficiency of a black body. For 
output powers in excess of 1 ‘kW up to about 
20 kW, the copper anode of the valve 
constitutes part of the containing envelope 
of the valve and is fitted with cooling fins; 
forced-air cooling of the anode by a blower 
motor is used. For still higher output powers 
the anode, which again constitutes part of 
the valve ‘envelope, is fitted with a jacket 
through which water circulates. All cooling 

supplies need to be started before the 
application of any voltage. An example of a 
water-cooled triode capable of supplying a 
power output of 70 kW is illustrated in 
Fig. 12. Anode voltages as high as 10,000 
to 20,000 volts are used in the higher powered 
valves. The cathodes are usually directly- 
heated tungsten types capabie of giving 
adequate emission, although oxide-coated 
indirectly-heated cathodes find use in valves 
that operate at anode potentials of the order 
of 1,000 volts and less. For new high-power 
transmitting valves and valves which have 
been out of service for a considerable time, 
it is mecessary to condition or ‘season’ the 
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valve by a gradual application of the h.t. 
voltage. A low h.t. voltage is first applied 
and left on for some time; after this peried 
the voltage is gradually increased up to the 
full value in easy stages. Typical ratings 
for valves used as Class C power amplifiers 
are given in Table I. 
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TABLE |.—TYPICAL RATINGS FOR CLASS C AMPLIFIERS 


Valves in Push-pull and in Parallel 


25. To obtain an increased r.f. power out = 
sana dei B and began rove amp = 
y be connected in push-p or in parallel. 

The push-pull and parallel connections of 
are discussed in Sect. 10, Chap. 2, 

rai the advantages and limitations are 
listed. The power output available from a 
valve is determined by the amount of power 
that can be safely dissipated within the valve. 
However, by connecting two valves in push- 
pull or in parallel, the total permissible 
tion for the stage is doubled, and by 
making adjustments to the input power and 
grid excitation as appropriate, the power 
output available, relative to that of a single 
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valve of similar rating, may be doubled. 
For very high power outputs of the order 
of 100 kW, two or more parallel banks of 
valves in push-pull may be gare One such 
arrangement using two banks is 
shown in Fig. 13. V; Vs are connected 
in parallel, as are Vz and V., while Vi — Vs 
and V2 — V, are in p 
tional push-pull input circuit is used, the 
output circuit is shunt-fed, and a pope? 
neutralizing arrangement is included. 

two points marked “h.t.+’ are ae 
Balancing networks are inserted across the 
valve heaters so that the negative end of h.t., 
which is connected to earth, supplies electrons 
equally to both ends of the valve heater, in 
order to give a uniform emission of electrons. 


oHT @ 


oHTO 


Fig. 13.—HIGH-POWER PARALLEL PUSH-PULL POWER AMPLIFIER 
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Frequency-multipliers 

26. Frequency-multiplier circuits (sometimes 
termed ‘harmonic generators’) are used both 
in radio transmitters and radio receivers, 
particularly at v.h.f., to obtain high frequency 
outputs from low frequency sources. It 
is often much easier to obtain certain effects 
at a low frequency and multiply the resultant, 
rather than obtain those same effects directly 
at the high frequency. 


27. The simplified circuit of a frequency- 
multiplier is shown in Fig. 14, and is similar 
to that of a conventional Class C amplifier. 





C8 © 
C8 8 


Fig. 14.—BASIC FREQUENCY-MULTIPLIER CIRCUIT 


The anode current pulses of a Class C 
amplifier operated from a constant frequency 
source, are rich in harmonics. For normal 
Class C working, the tank circuit is tuned to 
the fundamental frequency of the input, and 
the harmonic components of anode current 
have then so little effect that they can be 
neglected. If however, the tank circuit is 
tuned to one of the harmonics, an output 
power at the harmonic frequency results. 
The amplitudes of the harmonic components 
contained in the anode current pulse depend 
on the waveform of the pulse, and this is 
controlled by the angle of flow 0,. Thus, 
by altering the grid bias, 6, is adjusted to 
give a large amplitude to the required 
harmonic. By increasing the grid bias 
(6, smaller) the amplitudes of the higher 
order harmonics are increased, and in a 
triode for a second harmonicoutput 6, is about 


110°, reducing progressively to a value ofabout 
65° for a fifth harmonic output. In relation 
to the power output obtainable from the 
same valve used as a normai Class C amplifier, 
the harmonic power output decreases with 
the order of the harmonic, being approxi- 
mately inversely proportional to the order of 
the harmonic. With triode valves, it is not 
usual to obtain more than five times the 
frequency of the fundamental from any one 
stage; if biased sufficiently negative, pentodes 
can be employed to produce harmonics up 
to the ninth. 


28. For frequency-doubling, a single valve 
circuit is not the most efficient arrangement 
because the tank circuit receives a pulse of 
current only on alternate cycles of its swing. 
If a two valve circuit is arranged with a 
push-pull input and a parallel output (a 
‘push-push’ system), and the valves biased 
beyond cut-off, a more efficient doubling 
arrangement results. The circuit is shown in 
Fig. 15. As each vaive in this circuit conducts 
on alternate half-cycles of the input, the tank 
circuit now receives a pulse of current 
every cycle of its swing. 





Fig. 15.—‘PUSH-PUSH’ DOUBLING CIRCUIT 


29. A conventional push-pull amplifier 
cancels all even-order harmonics in its output 
circuit. Thus, if a push-pull arrangement 
is used with its output circuit tuned to the 
third harmonic of the input, an efficient 
frequency-trebler is obtained. 
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TUNED CIRCUIT (LC) OSCILLATORS 


Introduction 


l. Basically, an oscillator does nothing more 
than generate an alternating voltage at a 
desired frequency. A valve circuit, or a 
transistor circuit, arranged to act as an a.c. 
generator constitutes an oscillator. The 
frequency at the output is determined by the 
circuit constants and components, and may 
be anything from a few cycles per second to 
many mega-cycles per second; the frequency 
may be fixed, adjustable in steps or con- 
tinuously variable. 


2. Oscillators are used extensively in com- 
munication, radar and test equipments to 
produce :— 


(a) radio frequency alternating voltages, 
which may be subsequently amplified and 
modulated in a radio transmitter for radia- 
tion by the transmitter aerial over long 
distances ; 


(6) Audio frequency alternating voltages 
for modulation in certain radio transmitters ; 


(c) Audio frequency or radio frequency 
alternating voltages in fest equipment 
(signal generators and frequency meters) to 
enable checks to be carried out on 
transmitters, receivers and other main 
equipment; 
(d) radio frequency alternating voltages in 
receivers to provide ‘frequency changing’: 
(e) radio frequency alternating voltages in 
radar systems for timing and switching. 
It is seen then that oscillators form an 
essential part of many systems. 


3. For most purposes, the output waveform 
of the oscillator is required to be sinusoidal, 
and the types of oscillator used to produce a 
sine wave output include:— 


(a) tuned circuit (LC) oscillators, con- 
sidered in this Chapter; 
(6) crystal - controlled oscillators, con- 
sidered in Chapter 2; 
(c) phase-shift (RC) oscillators, considered 
in Chapter 3. 
In other instances, the oscillator is required 
to produce a square-wave output waveform. 


Such oscillators are called ‘relaxation’ 
oscillators; they are introduced in Chapter 3. 


Free Oscillations 


4. Anything which swings backwards and 
forwards in a uniform way is said to be 
‘oscillating’; a child’s swing moving back and 
forth ‘oscillates’; a pendulum’ swinging on a 
clock ‘oscillates’. An electronic oscillator is 
a simple circuit consisting of a capacitor and 
an inductor connected in parallel. A current 
established in this circuit will flow first in one 
direction round the circuit and then in the 
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Fig. |. FREE OSCILLATIONS 


other direction; the current moving back and 
forth in this way represents an ‘oscillatory’ 
current. Ifa capacitor C, charged to V volts, 
is connected to an inductor L of negligible 
resistance as shown in Fig. 1(a), the capacitor 
will discharge through the inductor and 
oscillations of current and voltage will occur 
at a frequency determined by the values of 
L and C. Initially the energy 4 CV? is stored 
in the capacitor, where V is the maximum 
p.d. between the plates. When V has its 
maximum value, the current in the circuit is 
zero (C fully charged). 
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As C discharges through L, V falls and the 
current in the circuit rises until, when C is 
fully discharged, the current I is a maximum 
and the energy 4CV? originally stored in the 
electric field of the capacitor is transferred as 
energy 4LI? to the magnetic field of the 
inductor. Since there is no p.d. to sustain the 
current, the magnetic field begins to collapse 
and induces a back e.m.f. in L, with the result 
that current continues to flow in the same 
direction through L to charge C in the 
opposite sense from its original charge. 
When C is fully charged, current ceases and 
the energy 4CV? is again stored in the electric 
field of the capacitor. This sequence of 
events is shown by the points P, Q and R in 
Fig. 1(b). The whole process is repeated in 
the opposite direction, as shown by the points 
R, S and T, until the capacitor is again fully 
charged in the initial sense. 


5. If there is no energy loss in the circuit the 
above process repeats itself indefinitely, the 
natural frequency f, of the oscillations 
occurring in the circuit being given by:— 


f, = i 

Fave O 

Since however, there is always some resistance 
R present with practical circuit elements, the 
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Fig. 2. DAMPED OSCILLATIONS 


amplitude of each successive oscillation 
decreases until eventually all the energy is 
dissipated, mainly in the form of heat in R, 
and oscillations cease. The oscillations are 
said to be ‘damped’ as illustrated in Fig. 2, 
the natural frequency being modified by 
the presence of R to give:— 


4 i R 
§h= aa V ie- a @ 


The rate at which the oscillations die away 


ee 


2 
depends on the factor / pe = x ; this 
is called the-‘damping coefficient’. A large 


value for R causes the oscillations to die away 

rapidly. 

Note. The natural frequency of a circuit is 
not quite the same as the resgnant 

frequency f, (see Bk 1. Sect, 5, Chap. 2, Par: 
The former applies to the frequency of 
oscillations that occur when the circuit is 
allowed to oscillate freely; the latter applies 
to a ‘driven’ circuit and is the frequency at 
which the impedance of the circuit is a 
pure resistance. 


Maintenance of Oscillations 


6. In order to maintain oscillations in a 
tuned circuit, one of two systems is 
employed :— 
(a) Feedback oscillators, in which extra 
energy from some external source is fed 
into the tuned circuit. Provided the added 
energy equals that being lost by damping, 
oscillations are maintained. 


(b) Negative resistance oscillators, in which 
some device having a ‘negative’ resistance 
equal in value to the positive damping 
resistance of the circuit is placed in parallel 
with the tuned circuit. : The two resistances 
neutralize each other and oscillations are 
maintained. 


FEEDBACK OSCILLATORS 


Principle of Operation 

7. In feedback oscillators, the d.c. power 
supply is the required external source of 
energy, and the valve controls the energy that 
is added to the tuned circuit in order to 
counteract the damping losses. To maintain 
oscillations in the tuned circuit, the added 
energy must be of the correct phase and 
amplitude. The addition of energy requires 
the injection into the tuned circuit of a 





Fig. 3. 


FEEDBACK OSCILLATOR PRINCIPLE 


sinusoidal e.m.f. in phase with the current 
circulating in the oscillatory circuit. The 
normal method of doing this is to connect the 
tuned circuit to the input of an amplifier and 
couple the output of the amplifier back to the 
oscillatory circuit; that is, the basic arrange- 
ment (Fig. 3) constitutes a positive feedback 
amplifier. 


8. Provided that the voltage fed back to the 
oscillatory circuit is of sufficient amplitude 
and of the correct phase, the circuit will 
oscillate at a frequency determined by the 
circuit constants. If the amplitude of the 
feedback voltage is insufficient to neutralize 
altogether the effect of the damping losses, 
oscillations will decay, although at a rate 
slower than that without the application of 
feedback. If the amplitude of the feedback 
voltage is greater than that required for the 
replacement of the lost energy, oscillations 
increase in amplitude. This continues until 
the grid swing is such that the valve anode 
current is limited by the bottom bend and by 
grid current; the amplifier gain and subse- 

uent feedback then: fall to such values that 
the circuit damping is exactly neutralized and 
the oscillator settles down to deliver an output 
of steady amplitude. 


9. A valve acting as an a.c. generator 
requires a circuit arrangement whereby the 
valve provides its own input of such magni- 
tude and phase that the energy lost by the 
cifcuit is replaced, and oscillations are main- 
tained. In Fig. 4, e: is the instantaneous 
voltage at a fixed "frequency applied to an 
amplifier of gain A. The output of the 
amplifier is applied to a feedback network 
that develops an output voltage e2 = BAe. 
If this circuit is adjusted so that e: = e in 
both magnitude and phase, then on joining 
points a and 6 the amplifier continues to 
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Fig. 4. AMPLIFIER SUPPLYING ITS OWN INPUT 


supply its own input at the original frequency 
and the circuit oscillates. Thus, any amplifier 
circuit will oscillate at the frequency at which 
the feedback voltage is equal in magnitude and 
phase to the original input voltage. The con- 
dition for the maintenance of oscillations is:- 


€2 = e; (in magnitude and phase) 
*, BAey = e1 
.~pA=170°.... (3). 


10. Equation (3) shows that for the main- 
tenance of oscillations, the gain of the 
amplifier and feedback network together 
(from the input, through the amplifier and 
the network, back to the input) should be 
unity; that is, the loss introduced by the 
oscillatory circuit and feedback network 
must be exactly neutralized by the gain of the 
amplifier. If BA is greater than unity 
initially, the gain drops as explained in Para. 

8, and the circuit settles down to produce 
oscillations of such magnitude that BA=1. 
The angle /0° is inserted to show that the 
phase as well as the magnitude of the feedback 
voltage must be correct. In a single stage 
amplifier, a phase shift of 180° exists between 
grid and anode voltages. Thus, to provide 
a phase shift of 0° in a single stage oscillator, 
a further 180° phase shift must be introduced 
into the feedback path from anode to grid. 


11. A basic circuit arrangement that satisfies 
the required conditions is shown in Fig. 5, 
where the oscillatory circuit in the anode is 
coupled by mutual inductance to the grid 
of the valve. On applying h.t., the anode 
current rises and induces a back e.m.f. in Ly; 
C, charges and the oscillatory action ¢om- 
mences. L; is coupled by mutual inductance 
M to L, and the oscillatory current in Li 
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Fig. 5. BASIC FEEDBACK OSCILLATOR CIRCUIT 


induces an oscillatory e.m.f. in Lz which is 
applied between grid and cathode of the 
valve. In this way, the necessary feedback 
voltage is obtained. The two conditions 
necessary for the maintenance of oscillations 
are :— 

(a) the magnitude of the feedback voltage 

must be sufficient to overcome all the 

losses in the circuit; that is, BA must be 

unity: 

(b) the phase of the feedback voltage must 

be zero; that is 6 = 0°. 


The first condition is determined by the 
magnitude~of the mutual inductance M and 
this may be adjusted by altering the coupling 
between L; and L2 until BA = 1. Since a 
phase shift of 180° occurs between grid and 
anode in the valve, the second condition is 
satisfied by introducing a further 180° phase 
shift into the feedback path between anode 
and grid; this is accomplished by transformer 
action between L; and Le when Le is wound 
in the correct direction relative to Li. In this 
way, oscillations are maintained. There are 
several circuit arrangements that satisfy the 
conditions necessary for the maintenance of 
oscillations; some of these are considered in 
the succeeding paragraphs. 


Tuned Anode Oscillator 


12. Fig. 6 shows two arrangements for an 
oscillator known as the tuned anode oscillator. 
In (a), the h.t. is applied to the valve through 
the tuned circuit and represents a ‘series-fed’ 
circuit. With this arrangement, the tuned 
circuit is at a high d.c. potential with respect 
to earth, and this introduces practical dis- 


advantages. The components require to be 
well insulated, and since the rotor plates of the 
tuning capacitor are not earthed, there is the 
danger of high voltage to the operator; in ad- 
dition, a capacitance exists between the rotor 
plates and the chassis (earth). These disad- 
vantages are overcome in the ‘shunt-fed’ circuit 
shown in Fig. 6(b). In this case, the tuned 
circuit is in parallel with the valve, the block- 
ing capacitor Cs being inserted to prevent 
short-circuit of the supply through the tuned 
circuit ; Cs has a low reactance at the operating 
frequency. The r.f. choke L3, which has a 
high reactance at the operating frequency, 
acts as the anode load across which the 
oscillator output is developed; without this 
choke the oscillater would be effectively 
short-circuited by the low impedance of the 
h.t. supply. Both circuits use an automatic 
grid biasing arrangement, RiC). 


13. The circuits of Fig. 6 are ‘shock- 
excited’ into oscillation by applying h.t. to 
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Fig. 6. TUNED ANODE OSCILLATOR 


the emitting valve, and oscillations are 
maintained in the manner described in 
Para. 11; that is, the magnitude of M deter- 
mines the amount of energy fed back, and 
the sign of M determines the phase of the 
feedback voitage. The resonant frequency 
of the tuned anode oscillator is affected by 
the resistance R associated with the circuit, 
and by‘the anode slope resistance r, of the 
valve; it 1s given by:— 


. _ L  R 
fo = Daa mtv} a 
In general, R/r, is very small and for most 
purposes may be neglected, when:— 
l 
f,, = 2 m4/ LCs eas (>): 


Tuned Grid Oscillator 


14. Fig. 7 shows typical series-fed and 
shunt-fed tuned grid oscillators. These are 
similar to the tuned anode oscillator, the 
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Fig. 7. TUNED GRID OSCILLATOR 
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only point of difference being that in the 
tuned grid circuit the grid winding of the 
coupling transformer is tuned and the anode 
winding is untuned. The magnitude and 
phase of the feedback voltage from anode 
to grid is again determined by the value and 
sign respectively of the mutual inductance M, 
and the approximate frequency of oscillation 


1S f,, — 2 AJ LCo 


Meissner Oscillator 


15. Fig. 8 shows the circuit of a Meissner 
oscillator. It differs from the tuned anode 
and tuned grid oscillators (sometimes loosely 
termed ‘Meissner’ oscillators) in that there 





Fig. 8. MEISSNER OSCILLATOR 


is no direct connection between the oscillatory 
circuit and the valve, and the frequency of 
oscillation is more independent of circuit 
resistance. The feedback voltage is determined 
by the magnitude and sign of the combined 
mutual inductance in the circuit. 


Hartley Oscillator 


16. Fig. 9 shows series-fed and shunt-fed 
Hartley oscillator circuits. In this type of 
oscillator, the tuned circuit is connected 
between grid and anode, and the cathode is 
connected to a tapping on the tuned circuit 
inductance L;. The capacitor C. is a dc. 
blocking capacitor that prevents short- 
circuit of the h.t. supply but provides a 
relative short-circuit for r.f. current. Its 
value is such that its reactance is negligible 
at the oscillatory frequency so that point Y 
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is at earth potential to r.f. in both circuits. 
Thus when the circuit is oscillating, the 
potential at X with respect to Y is 180% out 
of phase with the potential at Z with respect 
to Y. In this way the 180° phase shift in the 
external feedback path between anode and 
grid is obtained, and the condition BA=O is 
satisfied. The other condition for the main- 
‘tenance of oscillations is the magnitude of the 
feedback voltage and this is dependent on the 
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Fig. 9. HARTLEY OSCILLATOR 
L, 


ratio La The nearer Y is to the 


anode end of Li, the greater is the proportion 
of oscillatory voltage used as feedback, but 
at the same time the effective anode load of 
the valve is decreased and so also is the gain. 
The approximate frequency of oscillation 
for this circuit (neglecting resistance) is 


f, = 2 7/LiCi 


17. In the ‘modified’ or ‘inverted’ Hartley 
oscillator circuit, shown in Fig. 10, the 





Fig. 10. INVERTED HARTLEY OSCILLATOR 


anode end of the tuned circuit is connected 
directly to earth. Since the anode is at earth 
potential to r.f. (reactance of Cs is low) the 
required Hartley connections are satisfied. 
This circuit has the advantage over the 
conventional Hartley that the tuning cap- 
acitor is directly earthed. No blocking 
capacitors in series with the tuned circuit are 
necessary. 


18. A Hartley oscillator offers advantages 
over the tuned anode and tuned grid oscilla- 
tors, the greatest advantage being that the 
feedback winding is part of the tuned circuit 
and does not offer the same difficulties as 
the other circuits in which the feedback 
winding may resonate with stray capacitances. 
Because of this the useful upper frequency 
limit for tuned anode and tuned grid 
oscillators is about 50 Mc/s, whereas the 
Hartley oscillator can give satisfactory 
operation to frequencies as high as 150 Mc/s. 


Colpitts Oscillator 


19. Inthe Colpitts oscillator, one end of the 
tuned circuit is connected to the anode and 
the other end to the grid; the cathode is taken 
to the junction of two capacitors in the tuned 
circuit. The required 180° phase shift 
between anode and grid in the external 
feedback path is therefore obtained in a 
manner similar to that of the Hartley 
oscillator. Fig. 11(a) shows a series-fed 
circuit, the choke Lz preventing short-circuit 
through the h.t. supply to earth of the rf. 
input to the grid. The more usual shunt-fed 
circuit is shown in Fig. 11(b). The magnitude 
of the feedback voltage must be sufficient 
to maintain oscillations, and this is deter- 


OQ 


53 mee 
mined by the ratio’ C,” The approx- 


imate frequency of oscillations is f, = 


I : 
here C is the capacitance of C 
2 TA/ L, a i 
and Cz in series. 


The Colpitts oscillator is used extensively on 
all frequency ranges up to frequencies of the 
order of 200 Mc/s. It is not so liable to 
parasitic oscillations as the Hartley type 
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Fig. Il. COLPITTS OSCILLATOR 


because the valve inter-electrode capacitances 
merely augment the tuned circuit capacitances 
C, and C.,-and at the higher frequencies may 
be used instead of actual capacitors. An 
‘inverted’ Colpitts oscillator, similar in 
construction to the inverted Hartley circuit 
of Fig. 10, is in common use. A typical 
arrangement is shown in Fig. 12. The choke 
Lz is inserted to ensure a d.c. return to earth 
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Fig. 12. INVERTED COLPITTS OSCILLATOR 


for the cathode, while at the same time 
preventing a short circuit of the oscillatory 
voltage developed across C;. 


Push-pull Oscillator 


20. Fig. 13 shows a push-puil arrangement 
that may be used to provide the conditions 
necessary for the maintenance of oscillations. 
If the voltage across the tuned circuit LC 
makes the grid of V:; positive with respect 
to earth and that of V2 negative, the anode 
current of V; increases and that of Ve 
decreases. The anode potential of V; thus 
decreases and that of Ve increases, these 
changes being applied via the feedback 
networks C;R; and CzRe to the grid of Ve 
and the grid of V; respectively. Since V2 
anode is in phase with V; grid, and V; anode 
is in phase with V2 grid, the feedback is in 
the correct phase for the maintenance. of 
oscillations. The capacitors C; and C2 in 
the feedback networks are d.c. blockifig 
capacitors that are inserted to prevent 
short-circuit of the ht. supply to earth 
through the input tuned circuit; their values 
are such that they have a low reactance at 
the operating frequency. The values of the 
equal resistors Ry and Re in the feedback 
networks determine the magnitude of the 
feedback voltage, and their values are such 
that, together with the gain of the stage, 
BA = 1. With the two conditions necessary 
for the maintenance of oscillations satisfied, 
the resultant current in the primary of the 
output transformer produces the oscillatory 
voltage across the output terminals. The 
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approximate frequency of oscillation 1s 


1 bo a 
f, SEVJLC Each valve is biased separately, 


Vi by CsRs and Ve by C,Rys. The self-bias 
produced is then proportional to the drive to 
the valve, so that the output from each valve 
is equal. The push-pull oscillator has the 
same advantages as the push-pull amplifier 
(see Sect. 10, Chap. 2, Para. 21); the main 
advantage is the cancellation of even-order 
harmonics which means that a greater power 
output per valve can be obtained with less 
distortion. 


Operating Conditions for Oscillators 


21. Oscillators are operated under Class A, 
Class B or Class C bias conditions, depending 
on the requirement. Class A operation is 
used when special requirements are to be 
met; for example, in high quality laboratory 
instruments where purity of waveform is 
essential. Something approaching Class B 
operation is common for local r.f. oscillators 
in superheterodyne receivers where the bias 
is obtained from a grid leak and capacitor. 
Class C operation is generally employed for 
transmitters, as it gives high anode efficiency 
and maximum power output for a given 
valve. 


22. Use of grid leak bias. Automatic grid 
leak bias (see Sect. 8, Chap. 2, Para. 23(c)) 
is the method normally used in Class B and 
Class C oscillators. It has the advantage 
that before oscillations begin the bias is 
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zero and the valve is operating at the steepest 
part of its characteristic, giving the best 
starting conditions. As the oscillations 










FINAL OPERATING 
BIAS 


CHARGES 
came 


GRID CURRENT 
ESTABLISHED 





a 


Fig. 14. AUTOMATIC GRID LEAK BIAS 


build up, so does the bias, and when the 
oscillations reach a steady amplitude the 
bias is just sufficient to limit grid current and 
give the correct operating conditions for 


stability of oscillations (Fig. 14). An 
oscillator employing this method of biasing 
is self-starting, but if for any reason the 
oscillator does not oscillate, the grid has 
zero bias and the anode current may rise to 
a sufficiently high value to cause damage to 
the valve; to avoid this, an additional ‘safety’ 
bias is sometimes employed, usually in the 
form of cathode bias. In an oscillator 
employing grid leak bias, the anode current 
drops when oscillations commence; this 
may be used as an indication that the 
oscillator is working. 


23. Squegging. The term squegging implies 
a state of intermittent oscillations. For an 
oscillator operated correctly under grid leak 
bias, a variation in the magnitude of the 
oscillations results in a variation in the 
magnitude of the feedback voltage, and the 
bias voltage automatically adjusts itself to 
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Fig. 15. SQUEGGING OSCILLATIONS 


maintain stable oscillations. If however, the 
time constant of the grid bias circuit is large 
enough, a decrease in oscillation amplitude is 
not immediately followed by a decrease in 
bias voltage. Thus, the gain of the circuit 
falls and the condition necessary for the 
maintenance of oscillations (SA=1) no 
longer exists and the oscillation dies down. 
Oscillations recommence when the grid 
capacitor has discharged to the point at 
which anode current flows once more. This 
sequence of events may be repetitive. the 
output of the oscillator having the waveform 
shown in Fig. 15. Under certain circum- 
stances this output waveform is required, in 
which case squegging of the oscillator is 
introduced deliberately. 


Frequency Stability 


24. When oscillation is maintained in a 
circuit by means of a valve supplied from an 
external power unit, it is found that the 
oscillator frequency varies with time from 
the moment of switching on. The magnitude 
of this frequency drifts depends on a variety 
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of separate factors (sce Para. 25) and efforts 
are made to reduce frequency instability to a 
minimum. This is particularly important 
in communication systems for two main 
reasons :— 


(a) if the frequency of the oscillator in a 
transmitter departs from its assigned value, 
interference with other transmissions on 
adjacent channels will result; 


(b) if either the frequency of the transmitter 
or the frequency of the local oscillator in 
the receiver is subject to frequency insta- 
bility, the operator at the receiving end 
of the communication link is required to 
continually re-adjust his receiver. 


The importance of frequency stability in a 
transmitter may be illustrated by an example. 
On the medium-wave band, broadcast stations 
on adjacent channels have a separation of 
9 kc/s between their mid-band frequencies; 
each transmitter may have a bandwidth of 
8 kc/s so that the separation between adjacent 
‘sidebands’ is only 1 kc/s as illustrated in 
Fig. 16(a). Assume the frequency assigned 
to one transmitter is f; = 1,500 kc/s and 
that assigned to the other is fg = 1,509 kc/s. 
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If the first transmitter has a frequency 
instability of 1 part in 1,000 (0.1%), its 
frequency variation is (+) 1.5 ke/s. Assum- 
ing that the frequency drifts to 1,501.5 kc/s, 
Fig. 16(b) shows that the upper sideband of 
the first transmitter overlaps the lower 
sideband of the second transmitter, and 
interference results. This is one reason for 
the poor reception on the medium-wave 
broadcast band. To reduce such interference 
the frequency stability of oscillators must be 
kept as high as possible. For LC oscillators 
a frequency stability of the order of 1 part 
in 20,000 (0.005%) or better is required for 
most purposes. 


25. Frequency instability in LC oscillators 
is caused by variations in:— 


(a) the oscillatory system, 1.e., by changes 
of L and C; 


(b) the maintaining system, i1.e., by changes 
in the power supply and in the valve; 

(c) the utilization system, i.e., by changes in 
the load connected to the oscillator output. 


26. The oscillatory system. The values of 
L and C are the main factors determining the 
frequency stability of an oscillator, since the 
frequency of oscillation is given approximately 


1 

by f, = 2 4/LC’ 
ductance or capacitance will produce a 
corresponding variation of frequency. A 
change in the values of inductance and 
capacitance may be caused by mechanical 
vibration, but the most important single 
cause is variation in temperature resulting in 
expansion and contraction of the components. 
Suitable steps are taken during design to 
ensure that these components :— 


(a) are mechanically stable; 


(b) have a low temperature coefficient of 
expansion; 


(c) are shielded from high temperature 
sources, e.g., valves. Some oscillator 
circuits use a capacitor having a negative 
temperature coefficient to counteract the 
effect of the positive temperature co- 
efficient of the inductor. In other oscillator 
circuits, the tuned circuit is placed in a 
temperature-controlled oven to keep the 
temperature constant. 


any change of either in- 


27. The maintaining system. Whilst the 
values of inductance and capacitance in the 


oscillatory system are the main factors 
controlling the frequency, the maintaining 
system exerts some influence :— 


(a) Valve changes. Frequency changes 
occur because of changes in the valve inter- 
electrode capacitances due to temperature 
changes in the valve itself, mainly during 
the initia] warming-up period. By arrang- 
ing that the valve capacitances represent 
only a small part of the tuned circuit 
capacitance, frequency stability is improved. 


(b) Changes in supply voltages. Variations 
in the supply voltages to the valve cause 
a change in the valve constants. As a 
result, a change occurs in the gain of the 
stage, and by virtue of Miller effect the 
input capacitance is altered and hence the 
frequency. Stabilization of the power 
supplies is essential for good frequency 
stability. 


28. The utilization system. When the 
oscillator is connected directly to a load, any 
variation in the load affects the frequency. 
It is shown in Para. 13 that provided the 
ratio of load R to valve slope resistance r, 
is small, its effect on frequency can be 
neglected. To ensure a small ratio of R tor, :— 


(a) A valve with a high value of r, is 
used. 


(b) The load R on the oscillator is kept as 
small and as constant as possible. To do 
this, one of three methods is employed :— 


(i) The oscillator output is loosely 
coupled to the load. 

(ii) A ‘buffer’ amplifier is inserted 
between the oscillator and the load (see 
Para. 29). 


(iii) An electron-coupled oscillator is 
used (see Para. 30). 


Buffer Amplifier 


29. The most satisfactory way of reducing 
frequency instability due to a variation in 
load conditions is to insert another valve 
operating as a Class A amplifier stage between 
the oscillator and the load. Such an amplifier 
is known as a ‘buffer’ amplifier. Since the 
oscillator works straight into the grid circuit 
of the buffer amplifier, where no grid 
current is established, the load on the 
oscillator is negligible and constant, and the 
frequency stability is high. A typical circuit 
is shown in Fig. 17. In some circuits the 
input to the buffer amplifier is from the 
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Fig. 17. USE OF BUFFER AMPLIFIER 


grid circuit of the oscillator because the 
waveform here is more free from harmonics 
than is the anode circuit. 


Electron-coupled Oscillator 


30. An_ electron-coupled oscillator, an 
example of which is shown in Fig. 18, although 
employing only one valve, is equivalent to an 
oscillator followed by a buffer amplifier, and 
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Fig. 18. ELECTRON-COUPLED OSCILLATOR 
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has the same high frequency stability. 
Coupling between the oscillator and the load 
is by the electron stream within the valve. 
The valve used is a pentode in which the 
cathode, control grid and screen grid are 
operated as a triode oscillator with the screen 
grid acting as the effective ‘anode’. In Fig. 
18, the circuit arrangement consists of a 
series-fed Hartley oscillator, the tuned circuit 
being connected between the control grid and 
the screen grid, while the output is taken 
from the anode. In a pentode, the anode 
voltage has little effect on the anode current, 
the latter being varied mainly by changes of 
control grid and screen grid potentials. Thus, 
any change of anode voltage caused by a 
variation of either supply voltage or load, has 
little effect on the oscillator circuit, and the 
frequency stability is high. On the other 
hand, as the screen grid and control grid 
potentials are varied by the oscillatory action, 
so the anode current varies to produce the 
required output voltage across the load. 


Franklin Oscillator 


31. The ‘Franklin’ oscillator is essentially 
a two-stage amplifier providing 180° +- 180° 
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Fig. 19. FRANKLIN OSCILLATOR 


phase shift. The circuit incorporates many 
features designed to give a high frequency 
stability. A typical circuit is shown in 
Fig. 19. The tuned circuit, which is tem- 
perature-controlled, is connected between 
grid and cathode of V:. Vj is resistance- 
capacitance coupled to V2 grid, the feedback 
necessary for the maintenance of oscillations 
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being from V2 anode to V, grid via the 
capacitor C,. The phase of the feedback 
voltage is therefore correct since there is a 
phase shift of 180° across each valve. The 
increased gain resulting from the use of two 
valves enables the tuned circuit to be very 
loosely coupled to the valves, so that a high 
degree of frequency stability is achieved. 
To obtain loose coupling, the values of Ce 
and C, are of the order of a few pico-farads. 
The output is usually taken from the anode 
of V, rather than from the anode of V2, since 
the latter is connected to the tuned circuit 
through C, and frequency instability may 
result from loading the oscillator at V2 anode. 
With additional precautions (e.g., stabiliza- 
tion of supply voltages) the Franklin oscillator 
can give a frequency stability approaching 
1 part in 1 million (0.0001 %). 


Variable Frequency Oscillators 


32. Oscillators that are continuously 
variable in frequency over a given range, so 
that any required frequency within that range 
may be selected, are termed ‘variable frequency 
oscillators’ (v.f.o.). The frequency range over 
which they are capable of being tuned depends 
on the ratio of maximum capacitance to 
minimum capacitance of the variable capa- 
citor in the tuned circuit. A typical variable 
air dielectric capacitor used in communication 
receivers has a variation in capacitance from 


50 pf to 500 pf, ie., the ratio Ges = 10. 
Since the frequency of oscillation is approx- 


imately equal to Sate the frequency is 


: I 
proportional to Ve and for the variable 


capacitor quoted, the ratio of maximum 
frequency to minimum frequency is about 3. 
A typical frequency range would be 500 kc/s 
to 1,500 kc/s. If the oscillator stage is 
followed by frequency multipliers, this range 
will be extended. For instance, if an 
oscillator capable of being tuned over the 
range 500 kc/s to 1,500 kc/s is followed by a 
frequency doubler, the output covers the 
range 1,000 ke/s to 3,000 kc/s. 


Oscillators for V.H.F. 


33. Inv.h.f systems, most master oscillators 
operate at a much lower frequency than that 
finally required, the latter being obtained by 
the use of frequency-multiplier stages as 
necessary. One such system 1s illustrated in 
Fig. 20 where V; acts as an oscillator-trebler, 


its output being applied to V2 which acts as 
a frequency trebler; the overall multiplication 
is therefore, nine times the oscillator funda- 
mental frequency f,, so that for an output of 
90 Mc/s, the oscillator need only operate 
at 10 Mc/s. Vj cathode, grid and screen are 
arranged in an electron-coupled Colpitts 
oscillator circuit, with the screen at earth 
potential to r.f. because of Cs. Since the 
cathode is at a high r.f. potential, Le is 
inserted to ensure a d.c. return to the cathode 
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Fig. 20. OSCILLATOR-MULTIPLIERS FOR  V.H.F. 


while preventing a low impedance path to 
r.f. Automatic grid leak bias is provided by 
‘C, — R,g., and Ri: is inserted to act as a 
cathode safety bias component. The anode 
load of V; is tuned to the third harmonic of 
the oscillator fundamental frequency f,, 
giving an output at 3f, to Ve. This latter 
stage operates as a conventional frequency 
trebler to give an output at 9f,. 


34. In some circumstances, the oscillator 
itself is required to operate at very high 
frequencies. The operation at such fre- 
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quencies is complicated by transit-time effects, 
by valve lead inductances and by valve inter- 
electrode capacitances (see Sect. 8, Chap. 3, 
Para. 35). As a result, oscillators for the 
higher frequencies employ valves specially 
designed for high freyuency operation and 
make use of special circuit arrangements. A 
typical oscillator circuit for use at v.h.f. is 
shown in Fig. 21(a). When the inter- 
electrode capacitances are taken into account, 
the equivalent circuit will have the form 
shown in Fig. 21(b). This is a Colpitts 
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circuit in which the magnitude of the feedback 
voltage is determined by the ratio of C,, to 
Cor 

35. The normal inductor and capacitor 
resonant circult becomes very small in size 
and difficult to design when it is to tune 
frequencies above about 200 Mc/s. Under 
such circumstances ‘/echer bars’ may be used 
instead. Lecher bars (see Bk 3, Sect. 15) are 
specified lengths of a transmission line that 
exhibit properties similar to those of a tuned 
circuit, with certain added advantages. Radar 
oscillators employing lecher bars are con- 
sidered in Part 3, and lecher bar systems for 
wireless transmitters are dealt with in Part 2. 


Transistor Oscillator Circuits 


36. Provided suitable adjustment is made to 
the power supply and bias arrangements, 
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transistors can be used in place of valves in 
any of the feedback oscillators considered in 
the previous paragraphs. Because of the 
limitations on the power handling capacity 
and in the frequency response of transistors, 
their use as oscillators is confined to low 
power, low frequency circuits. Fig. 22(a) 
shows the basic circuit of a simple type of 
transistor feedback oscillator. The circuit 
behaves in a similar way to a tuned anode 
valve oscillator, in which cathode, grid and 
anode are analogous to emitter, base and 
collector respectively. A more practical 
circuit is shown in Fig. 22(b), which repre- 
sents a transistor Meissner type oscillator. 
Energy is fed back through the transformer 
from the collector (Ls) to the base (Lz) in 
such a way as to maintain oscillation at a 
frequency determined by L;C;. The oscil- 
latory current component in L, produces the 
required output voltage across LsC,. To 
ensure that the oscillator starts easily, the 
transistor is biased initially for Class A 
operation with the normal stabilization 
circuit RiRe; Ce is a rf. by-pass capacitor. 
As the amplitude of oscillation increases, the 
d.c. voltage developed at the emitter by RsCs 
biases the transistor into Class B conditions. 
With a power supply of 9 volts, a circuit of 
this type operating at 60 kc/s gives a power 
output of 20 mW. 


NEGATIVE RESISTANCE 
OSCILLATORS 


Principle 
37. When free oscillations occur in a tuned 


circuit, the oscillations are damped because 
of the resistance losses associated with the 





Fig. 23. PRINCIPLE OF NEGATIVE RESISTANCE 


OSCILLATORS 


circuit (see Para. 5). The resistance causing 
the damping is a real, ‘positive’ resistance, ang 
power is dissipated in the circuit. To main- 
tain oscillations in the negative resistance 


type of oscillator, the solution is to introduce 
a circuit element that has a ‘negative’ resist- 
ance; that is, a device in which the current 
is decreased by increasing the voltage applied 
to it. The negative resistance component 
has such a value that it completely counteracts 
the effect of the positive damping resistance 
and oscillation is maintained. Fig. 23 shows 
a negative resistance —r, connected in 
parallel with a parallel resonant circuit; at 


resonance, the impedance of the tuncd 
Bat nes L 
circuit 1s the dynamic resistance Rj = @p- 


For oscillations to be maintained, the total 
resistance across AB must be zero or have a 
negative value, since no power is to be 
dissipated. At resonance, the total resistance 


Ta 


across AB is an and the necessary 
a— Ta 


conditions for the maintenance of oscillations 
is that r, must be equal to, or less than Ry. 


Dynatron Oscillator 


38. A screen-grid tetrode valve connected 
as shown in Fig. 24(a), constitutes one type 
of negative resistance oscillator known as a 
‘dynatron’. The anode characteristic of the 
tetrode is illustrated in Fig. 24(b), and over 
the portion of the curve AB an increase in 
anode voltage produces a decrease in anode 
current. Thus the anode slope resistance 
Ia is negative in this region. 

The ‘kink’ in the anode characteristic is due 
to the effects of secondary emission and 
occurs when the anode is at a potential lower 
than that of the screen (see Sect. 8, Chap. 3, 
Para. 8). Consequently, when a tetrode valve 
is operated in this manner in conjunction 
with a tuned circuit, oscillations are main- 
tained when r, is equal to or less than the 


dynamic resistance the value of 


negative resistance being adjusted by varying 
the bias on the control grid. The frequency 
of oscillation is determined by the tuned 
circuit and is given approximately by 


PS VLC 
of frequency for a dynatron oscillator is 
20° Mc/s. 


A practical upper limit 


Transitron Oscillator 


39. A pentode valve may be used as a 
negative resistance device. The suppressor 
grid of a pentode has virtually no control on 
the total space current in the valve, but it 
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Fig. 24. DYNATRON OSCILLATOR 


does affect the division of current between the 
anode and the screen. Thus, if the suppressor 
is driven positive the space current remains 
constant, but the anode current increases and 
the screen current drops. This fact may be 
used to give a negative resistance in the 
circuit shown in Fig. 25. If an alternating 
voltage is applied to the screen, the screen 
potential will rise on the positive half cycle; 
so also will that of the suppressor (since the 
suppressor is connected to the screen by a 
coupling capacitor C2) and this causes the 
screen current to fall, because the suppressor 
potential has a greater effect than the screen 
potential on the screen current. Thus, a rise 
in screen potential corresponds to a fall 
in screen current; and a fall in screen potential 
produces a rise in screen current. There is, 
therefore, a negative a.c. resistance between 
screen grid and earth, and if a parallel tuned 
circuit is connected in the screen lead, oscilla- 
tion will be maintained at the frequency of the 


TUNED Circuit (LC) OsciLLators 


resonant circuit, provided that the screen 
negative resistance r, 1s equal to or less than 


the dynamic resistance This type of 
oscillator is known as a ‘transitron’. 
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Fig. 25. TRANSITRON OSCILLATOR 


Tuned Anode—Tuned Grid Oscillator 


40. If a parallel tuned circuit is connected 
between grid and cathode of a triode valve, 
oscillations will occur at the frequency of the 
resonant circuit, provided that the resistance 
component of the input impedance of the 
valve is negative and has a value equal to or 


less than the dynamic resistance aor the 


tuned circuit. It is shown in Sect. 11, Chap. 1, 
Para. 6 that this condition will be obtained 
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Fig. 26. TUNED ANODE-TUNED GRID 
OSCILLATOR 
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in a triode valve, by reason of Miller effect, 
if the anode load is inductive. This fact can 
be utilized to give a negative resistance 
oscillator known as the tuned anode-tuned 
grid (t.a. — t.g.) type. In the ta. — tg. 
oscillator (Fig. 26), the frequency of oscil- 
lation f, is mainly determined by the grid 
tuned circuit. The anode circuit is tuned to 


a frequency f; slightly higher than f,, so that 
at the oscillation frequency it presents an 
inductive load. Thus, the tuned grid circuit 
has a negative resistance across it, of a value 
determined by the ‘mistuning’ of the anode 
load, and oscillation at the frequency f, takes 
place. Note that there is no mutual coupling 
between the tuned circuits. 
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PART 1A SECTION 12, CHAPTER 2 
CRYSTAL-CONTROLLED OSCILLATORS 


Introduction 


1. Certain crystalline substances, of which 
quartz is the best material for most purposes 
connected with radio, exhibit a phenomenon 
known as the ‘piezo-electric’ (pressure-electric) 
effect; that is, if a section cut from a quartz 
crystal is subjected to mechanical tension 
or compression, an electric charge is produced 
across the crystal. Conversely, if a voltage 
is applied across the faces of a crystal section, 
a mechanical stress is produced in the 
crystal. This effect can be used to produce 
and maintain oscillations in a valve circuit, 
since the application of an exciting voltage 
causes the crystal to vibrate, the vibrating 
crystal producing its own voltage which, in 
turn, increases the intensity of the vibrations. 
In this way, oscillations at the mechanical 
resonant frequency of the crystal are built 
up, very little energy being required from the 
valve circuit to maintain the oscillations. 


2. The ability of a quartz crystal to oscillate 
in this manner means that it can be used in 
place of a tuned circuit in an oscillator. In 
relation to a tuned circuit, a quartz crystal :— 


(a) has a much higher Q value and 
therefore, a greater degree of frequency 
stability (see Para. 10): 


(6) can oscillate satisfactorily at only one 
frequency in any givencircuit; the frequency 
depends on the physical dimensions of the 
crystal, a thin plate oscillating at a fre- 
quency higher than that.of a thick plate. 


Because of these factors, quartz crystal 
oscillators are used in radio transmitters and 
receivers where an accurate, pre-determined 
‘spot’ frequency is required, e.g., in ground 
transmitters for assigned point-to-point com- 
munication, and in aircraft transmitter- 
receiver systems for air-to ground communi- 
cation. They cannot be used in circuits 
where selection of any frequency within a 
given range is required, a variable frequency 
oscillator (v.f.o.) of the LC type being normal 
in this case. 


Crystal Construction 


3. Axes. To obtain a quartz plate with 
piezo-electric properties, special ‘cuts’ of the 


crystal are made. In its natural state, a 
quartz crystal has a hexagonal cross-section 
with pointed ends as shown in Fig. 1(a). 


The properties of such a crystal can be 
expressed in terms of three sets of axes known 
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Fig. |. QUARTZ CRYSTAL AXES 


as the Z, X and Y axes, which are all at right 
angles to each other :— 
(a) The Z (or optical) axis joins the points 
at the ends of the crystal (Fig. I(a)). 
(b) The three axes Xi, Xe, Xs (the electrical 
axes) are at right angles to the Z axis and 
pass through the corners of the hexagon 
(Fig. 1(5)). 
(c) The three axes Yi, Ye, Ys (the mechant- 
cal axes) are at right angles to the Z axis 
and are perpendicular to the main faces of 
the crystal (Fig. 1(c)). 


4. X- and Y-cut crystals. Plates cut from 
a crystal are normally referred to the axes. 
An X-cut crystal is a plate that has been cut 
with its flat sides perpendicular to an X axis 
(Fig. 2(a)), and a plate so produced exhibits 
strong piezo-electric effects across its faces. 
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(2) X- CUT CRYSTAL 


A Y-cut crystal is cut with its flat sides 
perpendicular to a Y axis (Fig. 2(b)), and a 
plate so produced exhibits strong piezo- 
electric effects. Since however, the resonant 
frequency of X- and Y-cut crystals varies 
considerably with temperature, their use is 
limited to circuits where extreme degrees of 
frequency stability are not required. 


5. Imclined-angle cut crystals. To obtain 
crystals whose temperature coefficients are 
small, other cuts at certain specified angles 
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Fig. 3. AT-CUT QUARTZ CRYSTAL 


to the Z, X and Y axes are introduced. 
Typical of these is the A7-cut crystal whose 
frequency is hardly affected at all by tem- 
perature changes over a wide range. An 
AT-cut crystal is cut in the same plane as a 
Y-cut crystal but is rotated away from the Z 
axis by an angle of 35°, as shown in Fig. 3. 
AT-cut crystals, and other inclined-angle cut 
types, are used extensively in high-stability, 
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Fig. 2. X- and Y-CUT QUARTZ CRYSTALS 


crystal-controlled oscillators over a frequency 
range of 1 kc/s to 20 Mc/s. By using harmonic 
vibrations of the crystal (‘overtones’) this 
range can be extended to 100 Mc/s. The 
factors determining the resonant frequency 
of a quartz plate are:— 


(a) Type of cut; 
(b) dimensions of plate; 


(c) temperature at which the crystal 
operates ; 


(dq) method of mounting the crystal. 


Crystal Holders 


6. One form of crystal holder in common 
use at the lower frequencies is shown in 
Fig. 4(a). The quartz plate is clamped lightly 
between two electrodes by means of contact 
springs, the electrodes being so shaped that 
the crystal can vibrate in a small air gap. 
The whole is enclosed in a container. At the 
higher frequencies, the dimensions of the 
quartz plate are much reduced and in this 
case the crystal electrodes are commonly thin 
metal films formed directly on the surface of 
the crystal by spraying. The crystal is 
supported by flexible wires soldered to the 
film electrodes as shown in Fig. 4(b) and the 
wires are taken through a glass pinch to two 
pins in a valve type base. The mounted 
crystal is enclosed in a sealed glass envelope 
to protect the crystal from the effects of 
moisture, and in some cases the envelope is 
evacuated to eliminate the damping effect of 
the air. The crystal frequency is normally 
stencilled on the container. In circuits where 
improved frequency stability is required it is 
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Fig. 4. QUARTZ CRYSTAL HOLDERS 


normal to insert the crystal holder in a 
temperature-controlled oven for the purpose 
of maintaining the crystal at a specified 
temperature. 


Crystal Equivalent Circuit 

7. When a quartz crystal, the symbol for 
which is shown in Fig. 5(a), is inserted in a 
circuit, it is found to behave like the equiva- 
lent electrical circuit of Fig. 5(b). In this 
circuit, L, C, and R are the electrical equiva- 
lents of corresponding mechanical properties 
of the crystal, and their values are determined 
by the dimensions and cut of the crystal. 
Cy is the capacitance produced by the 
electrodes and holder used in mounting the 
crystal. Measurements of the effective values 
of L, C,, C, and R for quartz crystals have 
been made, and for a specimen AT-cut 
crystal of 3 Mc/s fundamental frequency :— 
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C,=0.02pF : C,=8pF ; R =300; 


L=0.127 H. 
oL 
Sy or 80,000. 


The small value for the equivalent resistance 
R means that the vibration of the crystal, 
once started, can be maintained with very 


little external energy; the high 2 ratio gives 
a frequency response curve that has a sharp 


ek 


() SYMBOL 


(6) EQUIVALENT CIRCUIT 


Fig. 5. ELECTRICAL PROPERTIES OF CRYSTAL 


peak; and the high Q value gives a good 
frequency stability. In comparison with the 
normal form of electrical resonant circuit, the 
Q value is extremely high and may lie 
between 50,000 and 500,000 compared with 
values of the order of 100 to 500 for high 
grade inductor and capacitor circuits. 


Crystal Resonant Frequencies 


8. Series resonance. L, C, and R form a 
series circuit of high Q, resonating at a 
frequency fixed by their respective values. 
The equivalent circuit is shown in Fig. 6(a) 
and the impedance-frequency response curve 
is shown in Fig. 6(b). At resonance, the 
impedance is equal to R and the high Q gives 
a very narrow bandwith. Crystals operating 
in the series mode are used extensively in 


certain types of filter circuits (see '3k 3 Sect. 15) 


9. Parallel resonance. L and R, shunted 
by the series combination of C, and C, 
(Fig. 7(a)), form a parallel circuit resonating 
at a frequency slightly higher than that for the 
series mode. As C, is only a fraction of a 
pF and C, is some hundred times larger, 
quite large changes in C,, can be made without 
affecting appreciably the resultant value of 
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Fig. 6. SERIES MODE FOR CRYSTAL 


C, and C, in series. Consequently, varia- 
tions in C, and in any shunt capacitance 
connected across the crystal have only a 
small effect on the resonant frequency of the 
crystal. Crystals operating in the parallel 
mode are used extensively in oscillator 
circuits, where the crystal behaves as a 
parallel tuned circuit. The impedance- 
frequency response curve for the parallel 
mode is shown in Fig. 7(b) and the effect of 
the high Q value in producing a narrow 
bandwidth can be seen. The separation 
between the series resonant frequency fo, 
and the parallel resonant frequency fo, is 
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Fig. 7. PARALLEL MODE FOR CRYSTAL 
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very small, being of the order of 0.5 per cent 
of fo;. This is shown in Fig. 8 which 
illustrates the impedance-frequency response 
curve for a crystal over a range of frequencies. 


Crystal-controlled Oscillators 


10. Crystals are used in place of parallel 
LC circuits to control the frequency of 
oscillators. It is because of their exceptionally 
high Q values that quartz crystals exert such 
a stabilizing effect on the frequency of 
oscillating circuits. Not only do they hold 
the frequency constant despite variations 
in the associated circuit values, but as the 
resonant frequency is governed by the 
physical dimensions of the crystal, they can 
be ground for a particular frequency and will 
hold this frequency almost indefinitely. This 
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Fig. 8. SEPARATION BETWEEN SERIES AND 
PARALLEL RESONANT FREQUENCIES 


is an advantage where a ‘spot’ frequency is 
required. Quartz crystals are affected to 
some extent by changes in temperature, but 
for modern crystals of the AT-cut or similar 
cuts, the variation of frequency with tem- 
perature is very small; this can be reduced 
still further if the crystal is mounted in a 
temperature-controlled oven. When all 
possible precautions have been taken in 
crystal-controlled oscillators, the frequency 
stability approaches 1 part in 108. One 
B.B.C. crystal-controlled transmitter has the 
very high stability of + 1 part in 10°. This 
compares with a stability of about 1 part in 
10° for the best LC oscillators. 


Tuned Anode—Crystal Grid Oscillator 


11. The basic circuit for a tuned anode- 
crystal grid (t.a-x.g.) oscillator is shown in 
Fig. 9. The crystal acts as a parallel tuned 
circuit, so that the circuit of Fig. 9 is similar 
in operation to the t.a.-t.g. oscillator discus- 
sed in Chap. 1, Para. 38. Oscillations occur 


Ce tec art a 
a uency slightly higher 3 alle 
resonant frequency of the crystal. The anode 
load is then inductive and, by virtue of Miller 
effect, the required negative resistance 1s 
introduced into the grid circuit to counteract 
the crystal damping losses. Automatic grid 
leak bias is used, the bias voltage being 
developed by grid current through the grid 
leak Ri; cathode safety bias from Re is also 
included to prevent excessive anode current 
should the crystal drive cease. In some cases, 
a variable capacitor is connected across the 
crystal to give a fine adjustment of frequency. 
The range of variation obtainable in this way 
is very small, being about 1 part in 10*. The 
meter in the cathode circuit is for tuning 
purposes. 
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Fig. 9. TUNED ANODE—CRYSTAL GRID 
OSCILLATOR 


12. As the anode circuit resonant frequency 
is reduced from a high value oscillations 
build up. The bias, therefore increases and 
the d.c. valve current falls. The d.c. voltage 
developed across RsCz by this current also 
falls and a ‘dip’ occurs in the voltmeter 
reading. Further reduction in the fre- 
quency of the anode circuit produces a 
sudden fall in r.f. output and a sudden rise 
in the value of the d.c. anode current until 
oscillations cease just before the anode 
circuit comes into tune with the crystal 
frequency. Itis necessary, therefore, that the 
resonant frequency of the anode. circuit be 
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higher than that_of the. crystal. The — 
of the anode circuit variable capacitor sho 
be such that the resonant frequency of the 
anode load corresponds to point A on the 
graph of Fig. 10, i.e., the circuit is tuned to the 
‘slow’ side of the dip obtained in the tuning 
meter. 
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Fig. 10. TUNING OF TUNED ANODE—CRYSTAL 
GRID OSCILLATOR 


Pierce Oscillator 

13. Fig. 11(a) illustrates the basic circuit 
of a Pierce oscillator. If the valve inter- 
electrode capacitances are considered, the 
circuit becomes that shown in Fig. 11(b), 
which is a form of Colpitts oscillator where 
the phase and the magnitude of the feedback 
voltage necessary to maintain oscillations is 
determined by Cy, and Cy. The crystal 
operates at a frequency just sufficiently 
below its parallel resonant frequency to give 
an inductive reactance that resonates with 
the valve: capacitances Cy, and C,,. The 
circuit operates under automatic grid leak 
bias developed by CiRi, and cathode safety 
bias components R2C2 are inserted. The 
meter in the cathode circuit is for tuning 
purposes. 


14. As the anode circuit resonant frequency 
is increased from a low value, oscillations 
build up and the d.c. anode current falls 
(because of the increase in bias) to produce 
a dip in the tuning meter. Further increase 
in the frequency of the anode circuit produces 
a sudden fall in r.f. output and a sudden rise 
in the value of the d.c. anode current until 
oscillations cease just before the anode 
circuit comes into tune with the crystal 
frequency. It is necessary therefore, that the 
resonant frequency of the anode circuit 
should be below that of the crystal, as 
illustrated in the graph of Fig. 12. This is 
the reverse of the t.a.-x.g. oscillator. 
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Crystal-controlled Oscillator and Trebler 


15. Fig. 13 shows the circuit of the crystal- 
controlled, electron-coupled Colpitts oscil- 
lator and frequency trebler used in an aircraft 
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Fig. 12. TUNING OF PIERCE OSCILLATOR 


v.h.f. communication transmitter-receiver. 
The cathode, control grid and screen are the 
oscillator electrodes; the screen is at rf. 
earth potential through C, and the oscillator 
circuit is said to be ‘inverted’. Ly, is inserted 
to ensure a d.c. return to the cathode while 
maintaining the cathode at a high rf. 
potential. C,R: provide self bias from the 





Fig. 13. CRYSTAL-CONTROLLED 
OSCILLATOR-TREBLER 


crystal drive and Re gives cathode safety 
bias. Oscillations at the parallel resonant 
frequency of the crystal f, are maintained, 
the correct phase and magnitude of the 
feedback voltage being ensured by the 
Colpitts arrangement of C2 Cs. The anode 
load Lz Cs is tuned to the third harmonic of 
the crystal frequency so that an output at 
3f, is obtained. The anode load is tuned for 
maximum drive to a following stage, this 
condition being obtained with the aid of a 
tuning meter in the next stage. In this 
equipment, any crystal within the frequency 
range 5.5 Mc/s to 8.7 Mc/s may be used 
and since the oscillator-trebler stage is 
followed by further frequency multiplier 
stages to give an output at 18 times the 
crystal frequency, the frequency at the output 
is in the range 100 Mc/s to 156 Mc/s. The 
order of frequency stability with this arrange- 
ment is 1 part in 10°. 
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PHASE-SHIFT (RC) AND RELAXATION OSCELLATORS 


Introduction 


1. In the oscillators so far discussed, tuned 
circuits have been used as a means of con- 
trolling the frequency. However, oscillations 
can be maintained without the use of a tuned 
circuit. For oscillations to be maintained 
in a single valve circuit it is only necessary 
that the feedback network be capable of 
shifting the phase of the valve’s output by 
180° without attenuating it more than the 
valve amplifies. Almost any combination of 
reactances and resistances can be used for 
the feedback network, but because of the 
amount of inductance required at low fre- 
quencies, it is more usual to find resistance- 
capacitance (RC) combinations. The phase- 
shift oscillator therefore differs | 3 
from those previously described in that it 
employs an RC, rather than an LC network, 
for both positive feedback and frequency 
control. It is useful for producing an output 
of good sinusoidal waveform at frequencies 
less than about 80 kc/s. 


Single Stage RC Oscillator 


2. A simple combination of one resistance 
and one capacitance can be used to cause a 
phase-shift of anything between (but not 
including) 0° and 90°, depending on the values 
of R and C and on the frequency of the 
applied voltage. An alternating voltage V 
applied to the circuit of Fig. 1(a) establishes 
an alternating current I which produces 
voltages V, and V, across C and across R 
respectively. IfR and X, (the reactance of C) 
are equal, then V, is 45° leading on V, and 
V. 1s 45° lagging on V; both V, and V, are 

0.707 as large as V (Fig. 1(b)). “If R is oa 
smaller relative to X., by reducing R or C 
or the frequency, the phase lead of V, is 
increased, but the magnitude of V, is reduced 
(Fig. 1(c)). The lead can be increased to 
90° only by making V, zero. Thus, any 
increase in phase advance is made only at 
the expense of a reduction in amplitude. 
Similar remarks apply to V.._ Note that if 
the output is taken across R, the output 
voltage leads the applied voltage and the 


network is phase-advancing; if the output 
is taken across C, the network is phase- 


retarding. 
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Fig. |. PHASE SHIFT, C AND R IN SERIES 


3. If two RC networks are connected as 
shown in Fig. 2(a), the output across Rg will 
lead Vr,, and hence lead the applied voltage 
V by a greater angle at a further sacrifice in 
voltage (Fig. 2(b)). Obviously even this 
cannot give a total phase shift of 180°, but 

necessary phase shift can be obtained by 
using three RC meshes (Fig. 2(c)) or four 
RC meshes (Fig. 2(d)). h mesh in a 
network does not produce exactly the same 
phase shift even with identical components, 
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because the impedance into which each mesh 
works is different. However, the phase shift 
across each mesh in a three-mesh network 
approximates to 60°, and that in a four-mesh 
network to 45°, the overall phase shift for 
each network being 180”. 








Fig. 2. RESISTANCE-CAPACITANCE PHASE- 
SHIFTING NETWORKS 


4. The voltage available across the last 
resistor (or capacitor) in a RC network is 
smaller than the voltage applied into the 
network ; that is, attenuation takes place. The 
amount of attenuation depends on:— 


(a) the phase shift across each individual 
RC mesh; 


(6) the total number of meshes. 


In a three-mesh RC network, where each 
mesh gives approximately 60° phase shift, the 
overall attenuation is 29; that is, the output 
voltage is th of the applied voltage. Thus, 
to maintain oscillations in a single valve 
circuit, the voltage amplification of the valve 
must be at least 29 to counteract the attenua- 
tion of the network. In a four-mesh RC 


network, where each mesh gives approx- 
imately 45° phase shift, the figure for the 
network attenuation and the corresponding 
valve amplification is 18.4. 


). A typical three-mesh phase-shift oscillator 
is shown in Fig. 3. With given values of C 
and R, there is one frequency only at which 
the circuit oscillates; that is, the frequency 
automatically adjusts itself to that which 
causes the reactances to be such that a 180° 
phase-shift through the network is produced. 
By altering the value of R or C in any of the 
meshes, the frequency of oscillation is 
changed. With the circuit shown (assuming 
equal values for R and equal values for C) 
the frequency of oscillation is:— 
1 
f, = TaCRye 

Thus, unlike the LC oscillator, the frequency 
is inversely proportional to R or C instead of 
to the square root of LorC. Hence, with RC 
oscillators a ter tuning range is possible. 
The RC oacillatce is very stable and gives a 
good sinusoidal output waveform. It is 
used mainly in test equipment for low 
ey operation in the range 100 c/s to 
80 kc/s. 
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Fig. 3. BASIC THREE-MESH PHASE-SHIFT 
OSCILLATOR 


CONTROL 


Wien Bridge Oscillator 


6. This is a two-valve RC oscillator. With 
the normal type of resistance-capacitance 
coupling between the two valves as shown in 
Fig. 4, the output from V3 is in phase with 
the input to V:. The feedback network is 
therefore relieved from the duty of creating 


a phase reversal. All it has to do, to satisfy 
the conditions for- the maintenance of 
oscillation at the desired frequency, is to 
transmit the necessary amplitude of feedback 


Ht + 





Fig. 4. BASIC CIRCUIT OF TWO-STAGE 
RESISTANCE-CAPACI} ANCE COUPLED AMPLIFIER 


voltage with no phase shift. There are various 
ways of arranging resistors and capacitors 
to achieve this, but the simplest way is to use 
a feedback network of the type shown in 
Fig. 5. Assume R: equals Re, and Ci equals 
C2. Then, at the frequency where the 
reactance of C, (or C2) is equal to the 
resistance R, (or Rg), the voltage V,, is 





Fig. 5. NETWORK WITH ZERO PHASE-SHIFT AT 
ONE FREQUENCY 


in phase with V, and equal to one-third of V,. 
This occurs at one frequency only for fixed 
values of Cand R. Thus, if V, is the output 
of the two-stage amplifier of Fig. 4, V,~. will 
supply the necessary input voltage for 
oscillation, provided that the voltage ampli- 
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fication of the valves is at least 3 to counteract 
the attenuation of the network. A simple 
circuit of a Wien Bridge oscillator is shown 
in Fig. 6. The oscillator may be used to 
provide a variable frequency output, within 
the range 100 c/s to 80 ke/s, by using a 
two-gang capacitor for C; and Ce, with Ri 
and Re usually equal and fixed. Assuming 
equal values for R and equal values for C, 
the frequency of oscillation is:— 


I 
f, = 2a CR 
The tuning range obtainable with the usual 
type of variable capacitor is thus of the ratio 


HT + 





Fig. 6. SIMPLIFIED CIRCUIT OF WIEN BRIDGE 
OSCILLATOR 


of 9 to 1 against that of 3 to 1 for LC oscil- 
lators. For a good sinusoidal output 
waveform over the tuning range, the voltage 
amplification of the two valves in cascade is 
kept down to about 3 by the application of 
negative feedback to V; (not shown in 
Fig. 6). 


Relaxation Oscillators 


7. A relaxation oscillator is one in which 
each cycle of oscillation consists of a period 
during which energy is stored in a reactive 
element (usually a capacitor) followed by a 
period of transition or relaxation during 
which the reactance discharges. One par- 
ticular kind of relaxation oscillator is called 
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the ‘multivibrater’ and is described below. 
Unlike the osciffators so far considered which 
give sinusoidal outputs, the multivibrator 
produces rectangular or square pulses. 


8. A simplified circuit.of a multivibrator is 
shown in Fig. 7. It consists of a two-stage 
resistance-capacitance coupled amplifier with 
the output from the anode of V2 fed back 





Fig. 7. BASIC MULTIVIBRATOR CIRCUIT 


through C,Ri, to the input at the grid of V;. 

As the total phase shift through such an 

amplifier is 360°, the circuit will oscillate at 

=! frequency determined by the component 
ues. 


9. When h.t. is first applied to such a 
circuit, the valves do not begin to conduct at 
the same instant or to the same extent. 
Assume for example, that V2 conducts first; 
then Ie2 rises and Vag falls, this fall in 
potential being applied to V: grid via C; to 
cause Vg, to fall. Is; then falls rapidly, Va; 
rises and this rise in potential is transferred 
to V2 grid via C2 to cause Vez to rise. Iag 
therefore rises still further and Vez falis to 
a low value. This action is cumulative and 
results in Vi being rapidly cut off while V2 
is conducting heavily. The condition then 
existing is that Va; is at h.t. potential, Vaz is 
at a low value, Vez is limited to zero volts by 
grid current and Vs: is below cut-off but 
rising exponentially as C, discharges through 
R; as shown in Fig. 8(a). With reference to 
Fig. 9, the action is continued thus:— 


(a) A to B. Ve. reaches cut-on and Is; 
flows. Va; falls and since Cs, cannot 
change its charge instantly, Ve. falls by 
the same amount. Ie then falls and Vez 
rises causing Ve: to rise via C;. Is;j rises 


further and the action is cumulative. The 
fall in Vee quickly cuts off V2 and Vag 
rises to h.t. potential as C; charges through 
Rxz as shown in Fig. 8(b). 





* © _OISCHARGE PATH FOR C, 
(C, SIMILAR) 





= 
CHARGE PATH FOR C, 
{C, SIMILAR) 


Fig. 8. CHARGE AND DISCHARGE PATHS FOR 
COUPLING CAPACITORS 


(b) Bto C. The.circuit is stable with Vai 
equal to zero volts, Va; at a low value, 
Vez below cut-off and Vaz at h.t. potential. 
During this period Cz discharges through 
Re and Vea rises exponentially towards 
cut-on. - 


(c) C to D. Veg reaches cut-on and Iss 
flows. Vaz falls causing Ve to fall, Is 
falls and Va; rises, causing Vm to rise. 
Tag rises further and the action is cumulative. 
V; is cut off and Va rises to h.t. potential 
as C, charges through R1;. V3 is con- 
ducting heavily with Vez at a low value. 


(dq) Dto E. The circuit is stable with V: 
equal to zero volts, and Vs: below cut-o 
but rising exponentially as C, discharges 
through R:. 
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------- CUT-OFF 
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O VOLTS 


Fig. 9. BASIC MULTIVIBRATOR WAVEFORMS 


(e) Eto F. Ve, reaches cut-on, Ia; flows 
and the cycle repeats as from (a). 


10. The square-wave output can be taken 
from the anode of V;, or the anode of V2 or 
both. The oscillation frequency is primarily 
determined by the time constants of the 
coupling components, CiR; and C2Re and 
may be altered by using variable components. 


Multivibrators are used to generate fre- 
quencies from 1 c/s to approximately 1 Mc/s; 
they are especially useful as timing and con- 
trolling devices in oscilloscopes, television 
sets and radar equipment. Further details 
on this and other types of relaxation oscil- 
lators are to be found in Part 3 (Radar)- 
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Frequency—and wavelength 3/13; 1] 2 Heptode valve 2; 8] 31/31 
—changer 3) 14} 2 | 32 Heterodyne—frequency meter 3;}18) 1310 
—changing 3;14;} 21] 5 —principle 3}14] 1} 4 
—instability 3) 13 1 8 Hexode valve 2: 8| 3} 30 
—measurement 3/18! 1] 7 High frequency—aerials 31/16] 5] 10 
—meters 3|18; 1] 10 —effects (in valves) 2) 8; 3; 35 
—modulation 3113! 1119 High-pass filter 3/15} 1{ 15 
—monitor 3/18: 11] 18 High tension (b.t.) 2; 9; 1) 1 
—multiplication 3;13. 1] 1 Highway (computer) 3|}20; 2] 56 
——multipliers 2\11' 2} 26 Hole (in semiconductor) 2; 8) 7| 5 
—response measurement 3/18; 2; 8 Horizontal polar diagrams 3; 16) 2) 18. 
—stability 2|12; 1{| 24 Horizontally polarized wave 3/16] 1 | 14 
—sweep generator 3,18); 21,17 Hot-cathode gas-filled valves 2) 8) 4) 4 

Frequency-modulated signal Hot-wire instrument 1} 6] Lj 22 
generator 3; 18 | 2/14 Hydrometer 2; 9} 1)}24 

Frequency-modulation Hysteresis, dielectric 1; 4; 2; §$ 
measurements ' 3118 | 4414 magnetic 1; 2) 1 34 

Full-wave bridge rectifier 2; 91 31419 

Full-wave rectifier 2; 3: 31 4 ; 

G Ideal filter 3}15; 1; 9 
I.F. amplifier 3114; 2} 41 

Gain, control, 3)14] 1/11 Image interference 3;14) 2) 13 
automatic 3/14) 2] 52 Impedance, 1]; S| 2] 19 

Ganging (and tracking) 3; 14; 2119 aerial 3116; 2; 10 

Gas-filled valves 2; 8| 4] 2 characteristic 3/15; 2] 9 

Gates 3| 20; 21! 42 dynamic 1} 5} 3] 12 

Generator, constant current 2} 8! 2:2 reflected 1; 7; 1 { 5 
constant voltage 2; 8| 2] 25 Impedance—matching i! 7}; 21 16 
d.c. 1; 3; 1t] 1 —triangle 1; 5} 2}; 20 
frequency sweep | 3)18) 2) 17 Indicator, tuning 3; 14} 2) 68 
losses in 1| 3] 1{31| Indirectly-heated cathode 2; 8| 1/97 
self-excited 1); 3] 1) 31' Induced grid noise 2; 8; 3/49 
separately-excited 1; 3] 11]29 Inductance— Pj 2] 2] 7 
signal 3/18); 2) 1 —in a.c. circuits i| S| 2}; 4 
single-phase a.c. 1| Sj 4 { 3 Induction, electromagnetic 11, 2; 2] 1 
tachometer a.c. 3,19; 2| 54 Induction motor 1} 5] 4] 26 
tachometer d.c. 3;19|] 2] 10 Inductive reactance 1; 5; 2| 7 
three-phase a.c. 1; 5) 4| 5 Inductors, 1; 2); 2) 8 

Grid bias 2; 8| 2) 6 power losses in | 1} S| 2] 40 

Grid, control 2| 8}; 2) 1 time constant of 1}; 2; 3) 16 
screen 2; 8} 3} 3 types of 1} 2) 43 4 
suppressor 2! 8| 3,17 Inert cell 2; 9/| 1! 16 

Grid-dip meter 3/18] 1 | 20 Infinite transmission line 3/15; 2/ 3 

Grid stopper 2/10) 3] 38 In-phase current rt S| 21 35 

Gripping rule 1); 2) 1313 input devices, computer 3;20; 2| 73 

Ground wave 31:17| 1) 2 Input impedance, line 3|15; 2; 8 

Grounded-grid triode 2,11) 1) 21 Yagi array 3/16; 3) 4 

Growth of current (inductor) 1; 2; 3] 3 Instability, frequency 3113] 1] 8 

Instantaneous value 1; S$} 13 3 

Instrument, ratiometer 1} 6] 2; 14 

H transformer for 1] 7] 2| 36 
types of 1; 6} 1] 4 

Half-adder 3; 20] 2| 49 Insulator 1; 1 1; 15 

Half-wave—dipole 3/16! 1] 4 Integral of error compensation | 3 | 19; 2 | 44 
—phasing loop 3!15] 4119 Integration (computer) 3|20}; 1] 45 
—rectifier ; 21 9; 3] 3 Integrator, Miller 3| 20] 1 | 47 

Hard valye— 2| 8; 4; 1 Velodyne 3120; 1; 50 
—stabilizer 2; 9; 3] 23 Interconnection, three-phase 1} S| 4} 12 

Harmonics 1; S| i] 5 Interelectrode capacitance 2) 8| 2337 

Hartley oscillator 21}12) 14 16 Interference, adjacent channel 3)14}) 2311 

Heater (valve) 2; 8} 1117 second channel 3/14}; 2] 13 

Heating effect (of current) 1 1]; 1719 Interference fading 3/17} 1418 

Heat-shielded cathode 2) 8; 4; 9 Intermediate frequency (if.), 3)}14]; 2) 4 

Helical aerial 3/16} 5 {| 20 choice of 3); 14] 2] 17 

Henry 1} 2! 2: 9 Internal resistance 1! 1) 21] 18 





Interpoles, generator 
motor 
Intervalve coupling, 2.f. 
amplifier 


rf. amplifier 
Intervalve transformer 
semicond 


Intrinsic uctor 
Inverted-V aerial 
Inverter, rotary 

lon— 


—trap (c.r.t.) 
Ionosphere ; 
Ionospheric characteristics 
Ionization— 

— potential 
I-pot 
Iron losses 
Iron-cored—inductor 

—transformer 


J 
“7? Operator 
Joule 
Junction—diode 


—transistor 

Junctions, metal-to-semi- 
conductor 
Pn 


Kalium cell 
Keying 

Kinetic energy 
Kirchhoff’s laws 


gri 
Lecher bar frequency meter 
Lecher bars 
Leclanche cell 
Lenz’s law 
Limitations of t.r.f. receiver 
Linear broadside array 
Lines of force, electric 

magnetic 
pee ie figures 

—— 

pen 

triode 
Local oscillator 
Logic circuits 
Loose coupling (transformer) 
Losses, aerial 


Copper 
dielectric 
flux leakage 
generator 
iron 


motor 
transformer 
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Low frequency aerials 
ter 


eflection 
—effect (of current) 
—field, 
energy stored in 
—field strength 
—fiux 
—fiux density 
—focusing 
—miaterials 
—saturation 
—space constant 
—storage 
-——storms 
Magnetism 
Magnetizing—current 
—force 
Magnets 
Magnetomotive force (m.m.f.) 
Magnetostriction— 
—delay line 
Magnification, circuit 
Magnitude 
Magslip 
Marconi quarter-wave aerial 
Master oscillator 


—transformer, quarter-wave 
Matrix storage system 
Matter 


Measurement of—current 
—field strength 
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Meters, 
decibel 
field strength 


uency 
r.f. power 

Methods of biasing 

Mica capacitors 


Microphone 
Microwave aerials 
Miller-—effect 
—feedback 
—integrator 
M.K.S. units 
Modulation— 
—factor 
t 


—measuremen 
Modulator, anode 
ferrite 
Molecules 
Monitor, frequency 


M.O.-P.A. transmitter 
Morse telegraphy 
Mosaic telegraphy 
oe commutator 
Cc. 
induction 
losses in 
speed of 
starters for 
synchronous 
Motor controlled tapped 
transformer 


Multiple-hop propagation 
Multiplication (analogue) 
Multiplicative frequency 
changer 
Multiplier, electron 
voltmeter 
Multi-section filters 
Multi-stage r.f. amplifiers 
Multi-wit valves 
Maultivibrator 
triode 
Mutual conductance 


Mutual inductance 
Mutual inductive coupling 


N 


Narrow-band am 
Negative feedback— 
—in computers 
—in transistors 
Negative resistance— 

—oscillators 


Neper 
Neutralization 
Neutron 
Newton 
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Noise, receiver 


valve 
Non-inductive winding 
Non-linear—device 


NOR gate 

North-south rule 
NOT-AND agate 
NOT-EQUIVALENT circuit 


N-type semiconductor 
Number period, computer 


oO 


Octode valve 

Ohm 

Ohmmeter 

Ohm’s law 

Ohms-per-volt rating 

On-off keying 

Coes cn ited — ission line 
oop control system 

Open wire feeder 

Operating conditions, oscillator 

Operator os ling 

es Siva working frequency 


Out-of-phase current 
Output devices, computer 
Overload relay 
Oxide-coated 


Padding 
Paper tape 
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21 
74 


Paper type capacitor 
Parallel—connection of valves 
—negative feedback 
—resonance 
—tuned circuit 
Para-magnetism 
Parasitic—aerial 
—oscillations 
Partition noise 
Peak—inverse voltage 
—value 
Pentagrid frequency changer 
Pentode valve, 
variable-mu 
Percentage modulation 
measurement 
Period (of sine wave) 
Permanent magnets 
Permeability 
Permittivity 
Phase—difference 
—distortion 
—measurement 
—modulation 
Phase-advance networks 
Phase-change coefficient 
(of line) 
Phase-sensitive rectifier 
Phase-shift oscillator 
Phase-shifting—transformer 
—by resolver synchro 
Phase-splitter 
Phasing loop, half-wave 
Photocells 
Photo-electric emission 
Photodiode 
Photometer 
Phototransistor 
Pierce oscillator 
Piezo-electric effect 
Pj-filter 
Plane of polarization 
Plane wave 
P-N junctions 
P-N-P transistor 
Point contact—rectifier 
—transistor 
Polarization—in batteries 
—of e.m. wave 
Polyphase a.c. 
Polystyrene capacitors 
Position contro! systems 
Positive feedback 
Post-deflection accelerator 
Potential, ionization 


striking 
Potential—difference 
—divider 
—energy 
—gradient 
Potentiometer 
Power, 
absolute 
apparent 
maximum transfer of 
true 
Hors aneet a.f. 
r.f. 


—factor 
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Power—(continued) 
—in a.c. circuits 
—in three-phase circuits 
—loss (in components) 
—measurement 
—ratio (decibels) 
—supplies, c.r.t. 

electrochemical 

electronic 

mechanically-derived 
—transformers 

Primary—cell 
—no-load current 

Printing telegraphy 

Propagation, 
multiple-hop 
scatter 
tropospheric 
velocity of (in line) 

Propagation—coefficient 

(of line) 
—in ionsphere 

Proton 

Proximity effect 

P-type semiconductor 

Pulsating current 

Pulse—modulation 
—transformer 

Punched—cards 
—paper tape 

Push-pull—amplifiers 
—-connection 
—input circuits 
—oscillator 

Push-push doubler 

Pythagoras’ theorem 


Q 


Q-factor— 
—of components 
Quarter-wave—aerial 
—stub 
—transformer 
crystal 


R 


Radian 
Radiation (from aerials) 
Radio frequency bands 
Ratiometer instrument 
RC—circuits, parallel 
series 
—coupled amplifier 
—filter 
—oscillator 
Reactance, capacitive 
inductive 
Reactance sketch 
Reaction, armature, generator 
motor 
Reaction type wavemeter 
Reactive—matching stubs 
——sparking 
Receiver, superhet 
t.r.f. 
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Q 
Si eg/8\z 8) 8 : 
Receiver-——noise 3114] 2 | 26 RL circuit, parallel 1} 5: 3) 4 
—output measurement 3118} 5] 3 series 1; S| 23 16 
—tuning 3114) 1) 7 -Root-mean-square values 1' 5] 1] 3 
Reception—of a.m. signal 3114; 21 50 Rotary—converters 1; 3] 2] 38 
—of c.w. signal 3} 14] 2); 47 —inverters 2} 9} 2{ 3 
Rectifier, copper-oxide 2}; 9; 3; 29 —transformers 2}; 9{ 2: 4 
full-wave bridge 2! 9| 3; 19 Rotating magnetic field 1} Sj} 4417 
gas-filled diode 2| 9| 3| 25 Rotor, 1}; 5] 4) 8 
hard-vacuum—full wave 2| 9| 3| 4! squirrel-cage 1/ 5] 4| 26 
—half wave 2; 9! 3! 3 R-pot 3120] 11] 13 
instrument 1| 6; 1) 14 
mercury-arc 2} 9} 3| 33 
mercury-vapour 2| 9} 3} 25 S 
phase-sensitive 3| 19} 2 | 54 
plate-type (metal) 2; 9| 3! 28 Saturable reactor 1; 7| 34 2 
point contact 2| 8| 7/13 Saturated core transformer 1} 7| 2] 41 
selenium 2} 9} 3) 30 Saturation, magnetic 1}; 2/7 147 32 
three-phase 2;'; 9| 3j| 32 valve 2|/ 8; 1 | 24 
Reflected impedance iit 124 5 Scalar quantity 1; 5; 11] 14 
Refiection—of e.m. waves 3; 16{/ 2] 24 Scatter propagation 3)}17; 1] 28 
—in transmission line 3,15) 2) 12 Scott-connected transformer 1); 7} 21 35 
Reflectometer 3|18; 51|19 Screen, c.r.t. 2/ 8) §| 10 
Reflector 31;16; 3] 3 Screen grid 2; 8{| 3] 3 
Registers, computer 3120; 2); 55 Screening, electric 1; 4] 14 33 
Regulation, rectifier 2! 9} 3) 21} magnetic 1 7 1 | 22 
Regulator, carbon pile 2; 91 2] 5, Second channel interference 3114] 21 13 
Rejector circuit 1 5; 3) 13 emission, 2! 8] 1! 6 
Relaxation oscillator 2/12; 3{ 7 effects of 2} 8! 3] 6 
Relay, 1; 2] 1 | 24 See-saw—amplifier 3120; 1 | 33 
overload 2; 9| 3! 26 —summing amplifier 3|20/; 1) 36 
time-delay 2; 9); 31| 26 Selective fading 3117} 1{ 19 
Reluctance 1; 2] {21 Selectivity, receiver 3/14} FT| 3 
Remanence 1; 2] IT 36: tuned circuit 1; 5S] 34 18 
Remote indication, a.c. 3;19) 1419 Selenium rectifier 21 9; 3); 30 
d.c. 3;19] 1) 3 Self-exciting transmitter 3/13); 1] 6 
Remote position control servo 3,19} 2| 14 Self-inductance 1; 2) 2) 7 
esistance, beh eh 2a. 5 Semiconductors 2} sl 7| 1 
anode slope ; 2) 8} 2/12, Sensitivity, 3/14; 1] 3 
dynamic 1} 5} 2) 22 deflection 2; 8| 5/18 
high frequency 1: 21 4; 14 Sequential operation, computer 3;20} 21 64 
internal T| 1] 21 18 Serial operation, computer 3120] 21 56 
negative 2; 8; 3) 8 Series—negative feedback 2;10| 3 | 2 
temperature coefficient of 1 1; 2] 9 —resonance 1} 5| 2} 41 
Resistance—in a.c. Circuits Fy 238 —tuned circuit TIT; 5] 2; 42 
Resistivity 1} 1) 2] 8 Servomechanisms, 31,19} 2; 1 
Resistor colour code 1; 1); 3) 6 power requirements of 3119] 2] 49 
Resistors, types of 1; PT] 34 3 remote position control 3/19!] 2) 14 
Resolution, synchro 3/19! 1 | 54 response and stability of 3|19] 2] 20 
Resolver synchro— 3; 19; 1! 22 velocity 3/19) 2] 32 
—as a phzse-shifter 3,19; I | 57 Shell-type transformer 1; 7; 21] 20 
—system 3119; 14 SI S.H.F.—aerials 3; 16] 5] 22 
Resonance, parallel 1/ 5) 3) i! —power measurement 3;18] S|] 8 
series 1; 5; 2] 41 Shift—control (c.r.t.) 2; 8| §| 23 
Resonant—aerial 3|16)/ 2); 2 —registers (computer) 3 | 20] 2) 59 
—cavity wavemeter 3) 18) 15 24) Short-circuited transmission 
Retentivity 1/ 21] 1! 37 line 3/15] 3] 8 
R.F,—choke 1} 2] 4110 Short transmission lines 37,15; 41] 11 
—gain control 3,14: 1/11 Shot effect (valves) 21 8/| 3] 47 
aaa 2) i204) Sere Arnie: 
= unt- e detector 
power meter 3/18; 54 5 Sidebands 313131 1124 
—signal generator 3118; 2} 9 Si 2 
—transformer 1); 7; by 8 ignal generators 3 | 18 i 
‘ Signal-to-noise ratio 3114] 14 3 
—voltage amplifier 2/111; 1); «1 . 
Simple a.g.c. 3114!) 2) 56 
Rheostat 1; 1) 3 | 10 Simultaneous operation, 
Rhombic aerial 3/16) 4} 8 computer 3/20; 2| 64 
Ripple factor 2! 91 3] 10] Sine curve 1; 5| 14 8 


Sine-cosine potentiometers 
Single-phase—commutator 
motor 
— induction motor 
Sinusoidal waveform 


Speed, oar of (in servo) 
d.c. motor 
slip 
synchronous 
Square-law scale 
Square waveform 
oscillator 
Squirrel-cage rotor 
Stability, 
servomec 


Superconductivity 
Superheterodyne—principle 
—receiver 
—receiver alignment 
Superposition theorem 
Super-refraction 


Suppressed aerials 
grid 
Surface wave 


Susceptance 
choke 


Synchronization, computer 
ao transmission 
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Synchros, 
control 
resolver 
torque 


T 
oe generator, a.c. 


Cc. 
Tank circuit 
Pe ee 
Telephone receiver 
Telephony 
Temperature coefficient, 
resistance 
Temperature-limited valve 
Ten-hour rate 
Termination, transmission line 
Testmeters 
Tetrode valves 


Thermistor bridge 
Thermo-junction meter 
Thoriated-tungsten emitter 


timebase 
Tight coupling (transformers) 
Timebase— 


—generators 
Time constant, capacitive 
inductive 
Time-delay relay 
Time-sharing, computer 
Torque, motor 
es erential synchro 
chro 
Tracking ( (and ganging) 


—in cascade 


—in push- 
tcesteemaita: im: 
Transformation ratio 
Transformer, audio} frequency 

constant voltage 

instrument 

intervalve 

iron-cored 

load conditions in 

losses in 

matching, quarter-wave 
motor controlled tapped 

hase-shifting 
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Transformer-coupled—a.f. 
amplifier 
—r.f. amplifier 
Transient velocity damping 
Transistor, junction 
point contact 
Transistor—bistable circuit 
—oscillators 
—power amplifiers 
—superhet receiver 
—t.r.f. receiver 
—voltage amplifiers 
Transit time 
Transitron oscillator 
Transmission line, electrical 
length of 
finite 
infinite 
termination of 
Transmission line—techniques 
—terminated in open circuit 
——terminated in short circuit 
—terminated in Zo 
Transmitter, communication 
desynn 
M-type 
synchro 
Transmitter—output 
measurements 
Trapezium distortion 
Travelling wave aerial 
T.R.F. receiver, 
transistor 
Triangular waveform 
Trigatron 
Trimmer capacitors 
Triode, 
cold-cathode 
grounded-grid 
hot-cathode gas-filled 
eo capacitances 
oO 
Triode hexode— 
—operation 
Tropospheric propagation 
True power 
Tuned anode oscillator 
Tuned anode-crystal grid 
oscillator 
Tuned anode-tuned grid 
oscillator 
Tuned circuit, parallel 
series 
Tuned grid oscillator 
Tuned voltage amplifiers 
Tungsten emitter 
Tuning, aerial 
superhet receiver 
t.r.f. receiver 
Tuning indicators 
Turnstile aerial 
Twin wire feeder 
Two-phase generator 
Two-point tracking 
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U.H.F.— aerials 
—Power measurements 
Unipole aerial 


Vv 


Valency electron 

Value, average 
r.m.S. 

Valve, beam tetrode 
cold-cathode diode 
cold-cathode triode 
critical distance tetrode 
diode 
gas-filled 
heptode 
hexode 
hot-cathode gas-filled diode 
hot-cathode gas-filled triode 
multi-unit 
octode 
pentode 
soft 
tetrode 
thyratron 
triode 
triode-hexode 
variable-mu pentode 

Valve—constants 
—-noise 
—voltmeter 

Valves—-in parallel 
—in push-pull 

Variable—capacitor 
—frequency oscillator 
—mu pentode 
—resistor 

Variac 

Vectors, 
resolution of 

Velocity, 


angular 
veo ae damping 
—liag 
—-of propagation (line) 
—Servos 
Velodyne integrator 
Vertical polar diagrams 
Vertically polarized waves 
V.H.F.—aerials 
—-oscillators 
Vibrator 
Video frequency amplifier 
Viscous damping 
Volt 
Voltage, striking 
Voltage—amplifiers, - 


r. 
—doubler 
—measurement 
—negative feedback 
—stabilizer 
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Voltmeter, 
electrostatic 
Volume control 


Ww 


Ward-Leonard system 
Watt 

Wattless current 
Wattmeter 

Waveform, distortion of 


types of 

Wavelength (and frequency) 

Wavemeters 

Waves, electromagnetic 
standing (On line) 

Weber 

Wheatstone’s bridge— 
—remote indicator 
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Wide-band—amplifiers 
—r.f. transformers 

Wien bridge oscillator 

Wireless communication 

Wire-wound resistor 

Word length (computer) 

Work 

Work function 

Wound induction motor 


Y 


Yagi aerial array 


Zz 
Zeppelin aerial 
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